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1.1 Water-borne coatings 
Coating, by definition, is a layer of substance applied to the surface of an 
object for decoration or protection purposes1. Coatings can be applied to 
almost any substrate, such as wood, ceramics, masonry, metals, alloys, 
plastics and glass. Therefore, coatings are used almost everywhere for a 
myriad of applications, such as architectural industry, automotive, wood 
finishes, aerospace, etc. Given the wide range of applications, the use of 
coatings has experienced an enormous growth in the past few years, and the 
growth is expected to continue. It has been reported that the current market 
value of the global coating resins market is about €24,000  million  by  2013,  
and  is  estimated  to  reach  €35,000  million  by  2019,  with  a  compound  annual  
growth rate (CAGR) of 6.25% between 2014 and 20192.  
A typical coating formulation consists of four components: binders/resins, 
pigments, solvents and additives. The roles of the four components are as 
follows.  
 Binders/resins: the essential ingredients that form a transparent, 
adherent and enduring film.  
 Pigments: finely dispersed insoluble particles in coatings that can 
provide the color and opacity.  
 Solvents: reduce the viscosity and provide a suitable consistency to 
the pigment/resin mixture so that it can be applied uniformly as a 
thin layer. 
 Additives: specialty chemical compounds that are added in small 
amounts to improve or modify the property profile of the coating,  
 such as viscosity, drying time, storage stability, opacity and ease of 
application.  
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The earliest use of coatings dates back to the prehistoric era during the 
Greek and Roman civilization, when human beings used natural gums, 
starches, beeswax for decorative paints.3 Gradually, humans learned to use 
linseed oil and natural resins (amber) as binders for the coatings. The first 
volatile solvent, namely, turpentine was introduced early in the 15th century. 
The industrial revolution brought a dramatic increase in the demand for 
coatings, which resulted in the massive use of solvent-based coatings. The 
solvents used are mostly volatile organic compounds (VOCs), which yield 
coatings with satisfactory properties such as flow, leveling, drying time, 
gloss etc. However, considering that a significant proportion of coatings are 
used indoors for decoration and protection reasons, the increased usage of 
these volatile solvents has created serious problems in indoor air quality. 
These problems have led to a broad range of health problems, and some of 
them may even be fatal. Nine substances, as addressed by World Health 
Organization, contribute to indoor air pollution.4 Among these substances, 
five compounds are emitted during coating application, namely, benzene, 
formaldehyde, naphthalene, tetrachloroethylene and trichloroethylene.  
To improve the indoor air quality in buildings, waterborne coatings have 
proven to be a promising alternative to conventional solvent-borne coatings 
since the 1980s. Generally, instead of using volatile organic solvents, water 
is used to disperse the resins into small particles (typically in the range of 
10-1000 nm), making the coatings more eco-friendly. A typical waterborne 
coating contains up to 50% water, with small quantities of other co-solvents 
(e.g. glycol ether).  
Although water-borne coatings have proven to be environmentally friendly, 
to achieve a comparable performance as the solvent-based coatings, there 
are significant technical challenges. For waterborne dispersion coatings, the 
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suspension usually disperses in small clusters of insoluble resin particles by 
mechanical agitations. Compared to the solvent-based counterparts, in 
which the resins are fully dissolved, the water-borne coatings exhibit very 
different rheological properties. These properties have a profound effect on 
the properties of coating formulations during storage and application. Some 
common problems in current water-borne coatings are sedimentation 
(related with storage stability), sagging, bad leveling and open time (during 
application).  
In view of the challenges discussed above, to fundamentally improve the 
properties of the coating, we need to move away from the current approach 
of using dispersed polymers in aqueous conditions. Instead, it is desirable to 
have a polymer that is completely soluble in water. This similarity to the 
solvent-based counterparts with respect to its full dissolution in the solvent 
would ensure proper rheological properties. After application, the polymers 
require crosslinking to  result in mechanically robust and water-resistant 
coatings. To date, no chemistry in current coating systems fulfills these 
requirements.  Therefore, one promising direction is to learn from natural 
organisms that produce high-performance coatings in aqueous conditions 
from soluble precursors. These will be discussed in the next section.   
1.2 Bio-inspiration materials 
Natural organisms are experts in producing high-performance coatings to 
protect themselves against corrosive factors in the environment. Examples 
include mussel byssal threads5, squid beak6,7, and protective cuticles on 
plants8. The natural coatings are mostly produced by a similar processing 
strategy as used in water-borne coatings: i) secretion of fluidic and pliable 
proteins in aqueous media (formulation and application of aqueous 
coatings), and ii) fast curing to form hard and tough solids (dry film 
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formation). For instance, in mussels (e.g. M. californianus (Fig. 1.1)), they 
produce viscous liquid mussel foot proteins (mfps) at pH < 5 inside 
granules. Upon being secreted into the seawater, at pH 8, the mfps solidify 
in a few minutes to form tough and hard cuticle9. The cuticle, a 2-5 m 
thick layer, covers all parts of the mussel byssus thread exposed to seawater 
and insulates the collagenous core against microbial attack10. The stiffness 
and hardness of the cuticle, as assessed by indentation, are 2.5 and 0.5 GPa, 
respectively11,12. This high hardness is comparable to that of the hardest 
known epoxies (average hardness is 0.5 GPa). More interestingly, despite 
the high stiffness of the cuticle, the thread has a high extensibility of 70-
100%. Another example is the beak of cephalopods such as squid. In the 
beak of Dosidicus, polyphenolic compounds form a dense crosslinked 
network in 30 s, providing an efficient hydrophobic coating around the soft 
and hydrophilic chitin nanofibers, preventing the chitin from softening by 
water adsorption6. Although no minerals are present, the stiffness of the 
beak is as high as 5 GPa at the distal tip that decreases to 50 MPa in the 
proximal wing13.  
 
 
Figure 1.1. (a) A mussel attached to a mica surface and (b) SEM of mussel 
distal thread with partial delamination of cuticle, exposing the underlying 
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collagenous core. Reprinted with permission: Holten-Andersen, N and 
Waite, J. H.10  
For both mussels and squids, the production of high-performance natural 
coatings relies on the composition of the natural proteinous resin/binder. It 
has been identified that, for both species, there is significant amount of 
catecholic amino acid 3,4-dihydroxyphenylalanine (DOPA) present in the 
coating6,14. The curing of these proteins takes only a few minutes, which is 
related to the efficient and versatile crosslinking chemistry of catechol 
groups in DOPA. Generally, the o-dihydroxylphenyl/catechol moiety in 
DOPA forms crosslinks along a variety of pathways. A detailed description 
of all the reaction possibilities will be discussed in Chapter 2. Here, the 
mechanism will be only briefly mentioned. Upon exposure to oxygen, 
catechols are easily oxidized to form reactive o-quinones. The o-quinones 
can then either i) react with catechols via dismutation reactions, or ii) with 
amines via Michael type addition or Schiff base reactions, or iii) with thiols 
via Michael addition to form crosslinks15. In addition, catechols can interact 
with transition metals (e.g. Fe3+) by forming strong coordination bonds to 
give catechol-metal complexes.  
Inspired by the excellent performance of natural coatings, researchers have 
been devoting significant efforts to mimic their properties using synthetic 
polymers. One possible route is to incorporate catechol functionalities into 
synthetic polymers either in the main chain, or at the ends of the polymer 
chains. Different synthetic approaches are possible, such as radical 
polymerization, post modification, and so on. A comprehensive overview of 
the synthesis approaches of catechol-functionalized polymer was reported 
by Faure et al.16 In the present thesis, we aim at incorporating catechol 
functionality into synthetic polymers using free radical polymerization. The 
Chapter 1 
7 
polymer is designed to fulfill two requirements so that it can be used as 
binder for water-borne coatings: 1) during storage and application, the 
catechol-containing polymer should be water-soluble; 2) during drying and 
curing, by triggering the catechol crosslinking chemistry, a solid adherent 
film should be formed on the substrate.  
1.3 Free radical polymerization 
In general, the characteristics of a binder determine the nature of the coating 
and have a major influence on the method of application and conditions of 
film formation. For this reason, instead of using a homopolymer, it is 
desirable to have a copolymer, in which it is possible to tune the properties 
such as water solubility and glass transition temperature by tuning the 
monomer compositions. Free radical polymerization allows for easy 
incorporation of several monomers, and thus allows for easy incorporation 
of monomers of different properties into the polymer. Besides, free radical 
polymerization has some practical advantages over other polymerization 
techniques such as anionic polymerization. For instance, free radical 
polymerization can be carried out under relatively un-demanding 
conditions. Without the necessity to remove the stabilizers in commercial 
monomers, high molecular weight polymers can be produced. This 
technique also shows relatively high tolerance of trace impurities, e.g. no 
necessity to remove traces of oxygen in the solvent, and no necessity to dry 
or purify commercial solvents. In fact, one remarkable point of free radical 
polymerization is that it can be carried out in aqueous media. These virtues 
have made free radical polymerization a popular technique for both 
industrial and laboratory scale polymer synthesis. Therefore, in this thesis, 
we choose free radical polymerization as the technique to synthesize all the 
catechol-containing copolymers. The detailed synthetic protocols are given 
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in Chapter 4 and 5. Here we will discuss the mechanisms that were used to 
obtain the copolymer used in this thesis.  
The concept of a chain polymerization was first proposed by Staudinger and 
his colleagues in 1920s.17 Generally, chain radical polymerization is a chain 
reaction consisting of a sequence of three steps- radical initiation, chain 
propagation, and chain termination (Scheme 1.1). To be more specific, after 
the reactive radical center is generated by initiation, a polymer forms by 
successive addition of (co)monomer units.  
 
Scheme 1.1. Schematic illustration of three-step free radical polymerization 
The mechanism of free radical polymerizations is different from some other 
polymerization techniques. For instance, in free radical polymerization, 
once a radical reactive center is generated, it adds many monomers units in 
a chain reaction, and grows rapidly to a large size polymer. In other words, 
high molecular weight polymer is formed almost immediately. At any 
instant of the polymerization, the reaction mixture consists of monomer, 
Chapter 1 
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propagating chains, and high molecular weight polymer. The molecular 
weight of the polymer remains unchanged during polymerization. 
Throughout the course of the reaction, the amount of high molecular weight 
polymer increases at the cost of the monomers. In contrast, for step 
polymerization, any two monomer species can react to form a dimer, trimer, 
and so on. The molecular weight increases throughout the course of the 
reaction, and high-molecular-weight polymer is not obtained until the end 
of the polymerization. To achieve high molecular weight and high 
conversion, long reaction times are needed.  
In addition, free radical polymerization is also different from 
cationic/anionic polymerization in which ionic initiators are used. In radical 
polymerization, most monomers are found to undergo polymerization with 
a radical initiator. However, in ionic polymerization, monomers show high 
selectivity toward ionic initiators. In other words, some monomers do not 
polymerize with a cationic initiator, while others do not polymerize when 
an anionic initiator is used. Therefore, radical polymerization is more 
versatile with regards to the possible choices of monomers.  
The characteristics of radical polymerization, together with our industrial-
orientated aim of developing catechol-containing polymers, have led us to 
employ free radical polymerization as the technique throughout this thesis. 
The chemical structures of several catechol-containing monomers and co-
monomers are shown in Scheme 1.2 and 1.3. 
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Scheme 1.2. Catechol-containing monomers used for free radical 
polymerization in this thesis: a) N-(3,4-
dihydroxyphenethyl)methacrylamide, b) N-(3,4-
dihydroxyphenethyl)acrylamide, c) borax-protected N-(3,4-
dihydroxyphenethyl)acrylamide, d) N-(3,4-dimethoxyphenethyl)acrylamide 
 
Scheme 1.3. Co-monomers used for free radical polymerization in this 
thesis: a) 2-methoxyethyl methacrylate, b) N-(2-aminoethyl) 
methacrylamide hydrochloride 
 
1.4 Outline of the Thesis 
This thesis is divided into two parts. Part I is about the crosslinking 
chemistry of catechol-derivatives, and part II is on the design and synthesis 
of catechol-functionalized polymers.  
In part I, we focus on investigating the crosslinking chemistry of catechols. 
In Chapter 2, we will give a comprehensive overview of the possible 
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crosslinking mechanisms of catechols that have been proposed in the last 
few decades in both natural and synthetic systems. We rationalize the 
parameters that may affect the crosslinking pathways and kinetics such as 
pH, temperature, types of oxidant and so on. This rational understanding 
facilitates better control of the crosslinking chemistry through regulating 
these parameters. Motivated by the open questions as discussed in Chapter 
2, we investigate, in Chapter 3, the crosslinking mechanism of catechols 
with amines using model compounds 4-methyl catechol (4MC) and 
propylamine (PA) in aqueous media. From the spectroscopic and 
chromatographic studies, we find that the reaction between 4MC and PA is 
very fast and complicated. In the first five minutes, more than 60 products 
have already been formed. These products are mainly formed via three 
pathways, i.e., Michael-type addition, Schiff-base reaction, and phenol-
phenol coupling. Among these products, the majority are amine-catechol 
adducts formed by Michael-type addition.  
In part II, we focus on designing and developing catechol-containing 
polymers for applications such as water-borne coatings. In Chapter 4, we 
design a bio-inspired polymer containing both functionalities-amines and 
catechols: poly(dopamine acrylamide-co-2-aminoethyl methacrylamide 
hydrochloride). We synthesize the copolymer in aqueous medium using free 
radical polymerization. The polymer is pH-responsive and meets two 
important requirements for a binder that can be used in water-borne 
coatings: (1) it is water-soluble at acidic pH during storage; (2) during 
drying and curing at basic pH, it becomes water-insoluble. The aqueous 
solubility switch is ascribed to the crosslinking reactions between catechols 
and amines at basic pH. Besides fulfilling the requirement of solubility 
switch, the coatings should also have proper adhesion properties to work 
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effectively. Therefore, in Chapter 5, we investigate the effect of catechol on 
the adhesion properties of catechol-containing polymers under both dry and 
wet conditions. We synthesize five copolymers from free radical 
polymerization of N-(3,4-dihydroxyphenethyl)methacrylamide (DMA) and 
2-methoxyethyl methacrylate (MEA) with different compositions. We find 
that, under dry and wet conditions, an optimal composition for the best 
adhesion is achieved at 5 mol% of DMA. Polymers with a higher 
concentration of DMA show little adhesion, which is attributed to the high 
stiffness of the material, resulting in poor contact with the probe.  
Chapter 6 is the final chapter of this thesis. In this chapter, we reflect on the 
previous chapters, and ask ourselves two questions: Did we acquire a better 
understanding of the crosslinking chemistry of catechols? Is it possible to 
develop a binder for water-borne coatings using catechols? We will further 
discuss the questions we formulated during our investigations, and point to 
potentially interesting but unexplored research paths. We will touch upon 
some remaining questions that can be interesting for a continuation of this 
research line. 
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Chapter 2 
Jack of all trades: Versatile Catechol 
Crosslinking Mechanisms 
 
Abstract 
Catechols play an important role in many natural systems. They are known to readily 
interact with both organic (e.g., amino acids) and inorganic (e.g., metal ions, metal oxide) 
compounds, thereby providing a powerful system for protein curing. Catechol cross-linked 
protein networks, such as sclerotized cuticle and byssal threads of the mussel, have been 
shown to exhibit excellent mechanical properties. A lot of effort has been devoted to mimic 
the natural proteins using synthetic catechol-functionalized polymers. Despite the success 
in developing catechol-functionalized materials, the crosslinking chemistry of catechols is 
still a subject of debate. To develop materials with controlled and superior properties, a 
clear understanding of the crosslinking mechanism of catechols is of vital importance. This 
review describes the crosslinking pathways of catechol and derivatives in both natural and 
synthetic systems. We discuss existing pathways of catechol crosslinking and parameters 
that affect the catechol chemistry in detail. This overview will point towards a rational 
direction for further investigation of the complicated catechol chemistry. 
 
 
 
 
This chapter is based on publication as:  
Juan Yang, Martien A.Cohen Stuart, Marleen Kamperman, Chemical Society Reviews, 
2014, 43(24), 8271-8298. 
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1 Introduction 
Catechols are prevalent in many natural systems; playing an essential role 
in living organisms such as mussels, sandcastle worms and squids,1-4 and in 
food processing such as cocoa fermentation and tea preparation5-8. A 
famous example is the mussel that secrets water-resistant adhesive proteins 
containing significant amounts of the catechol-containing amino acid 3,4-
dihydroxyphenylalanine (dopa).9 In 1981, Waite and Tanzer identified dopa 
as a key element for the enduring fixation of mussels to various types of 
surfaces under harsh marine conditions.9 Since then, a lot of research has 
been performed, trying to unveil the exact roles of catechols in mussel 
adhesion. Six mussel foot proteins (mfps) containing dopa have been 
identified.10 Though a complete understanding of the roles of catechol in 
mussel adhesion is still missing, significant progress has been made and 
many possible mechanisms have been proposed. Two aspects of the 
function of catechol in mfps are partly understood: adhesion and cohesion. 
For adhesion, mfps containing relatively high concentrations of dopa (e.g., 
20 and 25 mol% dopa for mfp-3 and mfp-5, respectively11) are present at 
the interface. The high concentration of dopa may enable strong interactions 
between catechol and organic or inorganic substrates, thereby ensuring 
water-resistant adhesion to various surfaces.12,13 Several modes of 
interaction between catechol and different surfaces have been described in 
excellent reviews.12,14 The cohesive properties of the mfps are related to the 
formation of load-bearing joints during the curing of the freshly secreted 
mfps, which are secreted as viscous fluids. The curing process of mfps 
relies on the versatile chemistry of catechols.15-17  
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Chemists have been inspired by the unique properties of the glues secreted 
by marine organisms, and the incorporation of catechol functionality into 
synthetic materials and subsequent crosslinking has aroused much 
interest.18-20 Some synthetic materials have shown excellent properties. For 
instance, del Campo et al. developed nitrodopamine-ended four-arm 
poly(ethyleneglycol) (PEG-ND4). By mixing the material with Fe3+ (molar 
ratio Fe3+/PEG-ND4 = 3: 1), a gel was formed through the complexation 
between Fe3+ and catechols in PEG-ND4. The crosslinked material showed 
self-healing behavior and could be easily degraded by exposure to UV light. 
These two properties make this dopa-inspired material promising for cell 
biology and medical applications.19 Another well-known example inspired 
by mussels is polydopamine. Lee et al. reported a method to form 
multifunctional polymer coatings through simple dip-coating of objects in a 
Tris buffer (pH = 8.5) of dopamine. Using this method, a thin but robust 
film having a thickness ranging from a few nm to > 100 nm was deposited 
on virtually any material surface.20 The versatility of this method with 
respect to the material of the substrate has opened up new possibilities for 
extraordinary applications, such as surface coating, biotechnology and 
biomedicine.21-23 A comprehensive summary of all the catechol-based 
biomimetic functional materials has been given elsewhere.24,25 
Despite the success in fabricating catechol-based functional materials, the 
versatile chemistry of catechols, including the structure of polydopamine, is 
still a subject of debate. To advance the subject, and to provide a basis for 
the creation of superior materials, a clear understanding of the catechol 
reaction mechanisms is mandatory. An overview of the existing pathways 
of catechol crosslinking in natural protein systems and in synthetic mimics 
will, on one hand, help in gaining a full picture of the current status in this 
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field; and on the other hand, point towards a rational direction for further 
investigation of the complicated catechol chemistry. Fig. 2.1 presents a 
brief scheme of the crosslinking chemistry of catechols. Catechols are 
easily oxidized to form reactive o-quinones26, which then can undergo 
secondary reactions to form covalent crosslinks.27,28 In addition, catechols 
can interact with transition metals by forming strong coordination bonds to 
give catechol-metal complexes.12 
 
Figure 2.1. General crosslinking pathways of catechols 
The details of the various crosslinking mechanisms are the topic of this 
review. As similar remarkable crosslinking chemistries of catechol have 
been observed in other living organisms, such as sandcastle worms,2  and 
squid beaks,1 studies based on these organisms will be discussed, too.  
Moreover, catechols, or more generally, phenols are also prevalent in 
natural food products, such as tea, wine, tobacco.5-8 The oxidized phenols 
can also react with free amino acids, peptides, proteins or quinonic 
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compounds, resulting in a phenomenon called “enzymatic browning”. The 
browning of the food adversely affects the quality of food, e.g., color, 
aroma and flavor. A detailed overview of the browning of natural products 
has been reviewed in other work.29 The chemistry of this effect, i.e., 
possible reactions between quinone and amino acids will be discussed in 
this review.  
This review will be structured according to the possible crosslinking 
mechanisms of catechol that have been proposed so far, regardless whether 
the described system is natural or synthetic. Section 2 will focus on the 
catecholic covalent crosslinking mechanism in the absence of transition 
metals (e.g. Fe3+), unless otherwise mentioned. This section will be divided 
into three sub-sections. In section 2.1, we will discuss the one or two-
electron enzymatic or non-enzymatic oxidation of catechols to form o-
quinone. The effect of pH, redox potential, and substitution on the 
catecholic benzene ring, etc., on the oxidation will be reviewed. In section 
2.2, we will present the current knowledge on the subsequent secondary 
reactions of o-quinone with nucleophilic groups. This section comprises 
three sub-sections: i) Section 2.2.1 will focus on the reaction of o-quinone 
with amines; ii) Section 2.2.2 will focus on the reaction of thiol groups; and 
iii) Section 2.2.3 will focus on the reverse dismutation of o-quinone with 
catechols to form aryl radicals, which can further couple to form crosslinks. 
The proposed formation mechanism of polydopamine and its possible 
structures will be reviewed in section 2.3. In section 3, the affinity of 
catechol to transition metals, mainly focusing on Fe3+, will be reviewed. 
Finally, section 4 will conclude with an overview of all possible reactions 
identified so far.  
2 Curing of catechol-based materials by covalent crosslinking 
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2.1 Catechol oxidation 
Catechols have been known for more than 70 years to be susceptible to 
oxidation upon exposure to air.30 This spontaneous oxidation of catechol in 
the presence of oxygen is referred to as “auto-oxidation”. In the auto-
oxidation step, catechols undergo sequential abstraction of two electrons 
with the concomitant loss of two hydrogen atoms (Fig. 2.2). The first step is 
the one-electron oxidation of catechol to the o-semiquinone radical, during 
which O2- is formed. The formed O2- then reacts with catechol to form an o-
semiquinone radical and H2O2. The formation of o-semiquinone has been 
identified31,32 and detected by electron paramagnetic resonance (ESR) using 
continuous flow methods.33 The formed o-semiquinone radicals are 
transient, and they decay rapidly through disproportionation to form o-
quinone and catechol.  
 
Figure 2.2. Reaction scheme of auto-oxidation of catechol to o-quinone152 
The redox reaction between catechol and oxygen under biological 
conditions (i.e. air-saturated solution, around pH 7 and less than 10-2 M 
catecholic material) is thermodynamically unfavorable. For step 1 of the 
auto-oxidation of catechol, at pH 7, the redox potential of the pair 
catechol/o-semiquinone is 530 mV,34 while the redox potential of O2/O2- is -
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155 mV.35,36 Therefore, the equilibrium in step 1 is biased to the left, i.e., 
the oxidation of catechol is all but complete.  
2.1.1 Enzymatic oxidation 
In natural systems, the obstacle of catechol auto-oxidation, i.e., the high 
activation energy barrier is overcome by the presence of enzymes (e.g. 
tyrosinase, horseradish peroxidase/H2O2) or metal ions (e.g. Fe3+). The 
mechanism of the reaction catalyzed by tyrosinase is a two-electron 
oxidation process, while for horseradish peroxidase/H2O2 it is a one-
electron oxidation process. The catechol oxidation by transition metal ions 
will be discussed in section 3.  
Tyrosinase is widely present in living organisms.37 Tyrosinase belongs to a 
larger class of copper-containing proteins; these proteins are able to bind 
oxygen (Fig. 2.3). A common feature is the presence of a binuclear copper 
site coordinated by six histidines.38-40 
 
 
 
Figure 2.3. View of the structure of tyrosinase around the oxygen-binding 
site of Limulus polyphemus hemocyanin, as based on the X-ray structure.153 
Reprinted from ref. 153, Copyright 2000, with permission from Elsevier. 
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2.1.1.1 Oxidation mechanism using tyrosinase 
A lot of research has been performed to study the effect of tyrosinase on 
phenol (including catechol) oxidation. The detailed function of tyrosinase 
on phenol oxidation has been reviewed by Riley et al.41 Here, we briefly 
discuss the mechanism of tyrosinase-catalyzed oxidation of catechol based 
on the study of the electronic structures of active sites of tyrosinase.42 The 
electronic structures of the copper site were studied by spectroscopic 
methods (e.g. Raman, electron paramagnetic resonance) and quantum 
mechanics calculations. Catechol oxidation catalyzed by tyrosinase involves 
two steps: (i) the activation of tyrosinase (Fig. 2.4) and (ii) the catecholic 
oxidation cycle by the activated tyrosinase (Fig. 2.5). The initial tyrosinase 
is in its inactive met-tyrosinase form, in which the binuclear copper site is in 
the wrong oxidation state to bind oxygen.42 In the presence of catechols, 
met-tyrosinase is converted to deoxy-tyrosinase. Meanwhile, the catechols 
are oxidized by the two-electron transfer process, in which an o-
semiquinone radical is formed in a secondary reaction between o-quinone 
and catechol, as described in Fig. 2.5. The deoxy-tyrosinase readily binds 
oxygen to give oxy-tyrosinase, which can oxidize catechol to form o-
semiquinone and quinone. 
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Figure 2.4. Activation of tyrosinase for catechol oxidation41 
 
Figure 2.5. Oxidation mechanism of catechol catalyzed by tyrosinase.41 
Step 2 is identical to step 3 in Fig. 2.2.  
As shown in Fig. 2.6, by oxidizing catechol to o-quinone, oxy-tyrosinase is 
reduced to met-tyrosinase, which cannot bind oxygen to regenerate oxy-
tyrosinase. Only in the presence of a second catechol the met-tyrosinase is 
activated again. The inactivation of tyrosinase during catechol oxidation has 
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also been proposed by Dawson and co-workers, who studied the catechol 
oxidation in a buffered tyrosinase-catechol system using polarimetry.43,44  
 
Figure 2.6. Catecholic oxidation cycle mediated by tyrosinase41 
The extent of oxygen consumption during the enzymatic oxidation of 
catechol has been studied and appears controversial. Several investigations 
reported that for complete oxidation of catechols, two oxygen atoms are 
needed per catechol molecule.45-47 Wright and Mason reported, however, 
that the consumption of oxygen depends on the enzyme and catechol 
concentration.48 When the enzyme concentration was less than 3.3 
catecholase units per ml of reaction volume, the oxygen atom consumption 
increased to 2.5 oxygen atom per catechol molecule. A further increase in 
enzyme concentration did not lead to an increase in oxygen consumption. 
Wright and Mason also showed that a higher concentration of catechol 
results in a lower oxygen consumption.   
2.1.1.2 Influence of pH and ring substituents 
The oxidation kinetics of catechols by tyrosinase can be affected by several 
parameters, such as pH and the nature of ring substituents of catechol. The 
effect of pH on the catechol oxidation can be described in relation to 
reduction potentials. As mentioned before, the one-electron reduction 
potential of catechol/semiquinone is 530 mV at pH 7.34 At pH 11, one of the 
catecholic hydroxyl groups is deprotonated, leading to a lower one-electron 
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reduction potential of 98 mV.34 Therefore, deprotonation shifts the reaction 
equilibrium in Fig. 2.2 towards the right side. This effect of alkaline 
conditions on catechol oxidation has been extensively reported.49-51 Wright 
and Mason studied the catechol oxidation in presence of tyrosinase at pH 3, 
4, 5 and 7. It was found that when the pH was increased, the initial rate of 
oxidation was increased.48 
The nature of ring substituents of catechol also affects the oxidation kinetics 
through its steric, hydrophobic and electronic properties. According to 
Riley, the oxidation of catechol by tyrosinase can be described as depicted 
in Fig. 2.7, in which k1 is the oxidation rate and k2 is the rate of inactivation 
of tyrosinase.43 
 
Figure 2.7. Competing oxidase (k1) and inactivation (k2) reactions of 
tyrosinase43 
The oxidase activity (log k1) can be approximated using the following 
empirical relationship (1), in which  describes the hydrophobility of the 
substituent and L describes its length, i.e., whether the substituent is long or 
short.  
1log 0.364( 0.097) 0.297( 0.077) 2.369k L    
                   (1) 
By investigating the oxidation kinetics of catechols with different 
substituents on the 4- position, Ramsden and Riley demonstrated that 
shorter substituents (smaller L) or more hydrophobicity (larger ) gave 
faster oxidation rates; and larger substituents (larger L) or more hydrophilic 
substituents (smaller ) resulted in slower oxidation. 43   
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The electronic properties of the substituents also affect the oxidation rates. 
For substituents that are more electron-withdrawing (such as NO2, CN, CF3), 
catechols become difficult to oxidize.43,52 In contrast, substituents that are 
more electron-donating (such as -OMe, -Me) stabilize the radicals, resulting 
in the opposite effect. 53 These effects of the substituents may also be 
applicable for other oxidants with different oxidation mechanisms. 
However, more in-depth studies are needed to clarify this. In addition, it 
should be noted that these effects were found for 4-substituted catechols. 
Whether these effects are applicable to substituents at other positions is still 
an open question. 
2.1.2 Chemical oxidation of catechols 
Catechols are also readily oxidized in the presence of chemical oxidants. 
The most commonly used oxidants are sodium periodate15,54 and silver 
oxide55. The periodate-mediated oxidation proceeds via a two-electron 
oxidation, and that for silver oxide proceeds via a one-electron oxidation 
reaction.56,57 A clear understanding of the reaction mechanism of periodate-
oxidation of catechol is lacking. Nevertheless, Kaiser et al. have proposed 
three reaction pathways, based on investigations on the oxidation of 
catechol by sodium periodate with a stopped flow apparatus at different pH, 
ranging from 0 to 10.58-60 They detected an intermediate during the 
oxidation without identifying the nature of the product. It was proposed that 
the intermediate was a cyclic diester of periodic acid. Two possible 
structures were suggested, as indicated in Fig. 2.8 (a) and (b).  
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Figure 2.8. Proposed pathways of decomposition of the intermediate to 
form o-quinone.58 
 
The intermediates were proposed to be able to decompose to o-quinone via 
three pathways (Fig. 2.8).  
To summarize, catechols in both synthetic mimics and natural systems are 
susceptible to aerobic oxidation. The oxidation process is influenced by pH 
and aromatic ring substituents on catechols. In general, a higher pH leads to 
a higher oxidation rate. Catechols with aromatic ring substituents that have 
electron-withdrawing properties (NO2, CN, CF3) are more difficult to 
oxidize; while those with substituents that have electron-donating properties 
(-OMe, -Me) are easier to oxidize. For enzymatic oxidation of catechols, the 
mechanism has been well studied. The inactive tyrosinase is first activated 
to its reactive state deoxy-tyrosinase, which then catalyzes catechol to 
undergo a two-electron oxidation process. For the oxidation of catechols in 
the presence of chemical oxidants, such as sodium periodate, the 
mechanism is not well understood. It is proposed that catechols and sodium 
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periodate form a cyclic diester of periodic acid as an intermediate, which 
ultimately forms o-quinone.   
2.2 Secondary reaction of o-quinone with nucleophilic groups 
The o-quinone groups are unstable intermediates and highly reactive 
electrophilic molecules that can further undergo several secondary reactions 
to form reddish brown or black pigments. These secondary reactions 
comprise: a) reactions with amine groups, b) reactions with thiol groups; c) 
aryloxy radical coupling. In the following sections, we will elaborate on the 
three reaction ways one by one.  
2.2.1 The interaction of o-quinone with amines 
O-quinones can react with amines through three pathways: i) Michael-type 
addition; ii) Schiff base reaction and iii) Strecker degradation. In this review, 
the first two will be discussed in detail, and Strecker degradation will be 
discussed briefly in section 2.2.1.3. The factor that mainly determines 
which of these three  reaction types will predominate is the type of amine.61 
For example, Manthey et al. identified the oxidation products of catechol in 
the presence of two aliphatic (aniline and p-anisidine) and aromatic amines 
(2-phenylethylamine and butylamine) using 1H and 13C NMR. They found 
that aromatic amines favor Michael-type addition (i.e., 4,5-disubstituted o-
quinone adducts), and aliphatic amines favor Schiff base reaction (i.e., 
2,4,5-trisubstituted or 2,4-disubstituted o-quinone adducts).61 
2.2.1.1 Michael-type addition 
Quinones undergo a nucleophilic attack by amines to form quinone-amine 
adducts. The complete reaction mechanism between o-quinone with 
primary amines has not been experimentally verified. However, it has been 
Chapter 2 
29 
proposed that the mechanism between o-quinone and amine resemble that 
of p-quinone and amine.62 Therefore, in the following, we first show the 
reaction mechanism of p-quinone and amine, as indicated in Fig. 2.9.  
 
Figure 2.9. Reaction mechanism of p-quinone with primary amines through 
Michael-type addition62 
 
The reaction is initiated by the addition of an amine to a carbon-carbon 
double bond, forming an intermediate (1). The intermediate is then 
isomerized to form aminohydroquinone (2), which is subsequently oxidized 
to form monoaminoquinone (3). The monoaminoquinone (3) reacts further 
with amine to produce diaminoquinone (5) via an intermediate (4).  
Despite of the unclear mechanism, in natural living organisms and food 
processing, the formation of o-quinone-amino adducts have been identified. 
In many of these natural systems it involves a reaction between dopa and 
histidine. For instance, Waite et al. found dopa and several crosslink 
derivatives from the beak cutouts of squid Dosidicus gigas. They isolated 
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protein fragments by phenylboronate chromatography followed by reverse-
phase HPLC, and the fragments were measured by UV-Vis spectroscopy, 
1H NMR, electrospray ionization mass spectrometry, and tandem mass 
spectrometry. They identified that the hydrolyzed compounds obtained 
from the insoluble black pigments from squid beaks are multimers (dimer, 
trimer and tetramer) of catechol-histidine adducts.1,63 The structures of the 
multimers are shown in Fig. 2.10. The imidazole nitrogens either attach to 
the 2- or the 6-position (or both) on the aromatic ring of catechol in these 
adducts. 
 
Figure 2.10. Crosslinks identified in D. gigas squid beak by MS/MS, the 
structures are (a) 4-methylcatechol-histine (4MC-His); (b) dopa-histidine; 
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(c) 4MC-his-4MC; (d) His-4MC-His; (e) 4MC-His-dopa; (f) His-4MC-His-
4MC63 
In addition, Turecek et al. characterized the catechol-amino acid adducts in 
acid hydrolysates of sclerotized cuticles by mass spectroscopy and HPLC.64 
They identified the presence of C-N bonds, which had been formed between 
the nucleophilic imidazole N of histidine in cuticular protein and both the 
ring and side chain C of three sclerotization precursors, i.e. N-
acetyldopamine, N-beta-alanyldopamine and 3,4-dihydroxyphenylethanol. 
The authors proposed a pathway for protein crosslinking by C-N bond 
formation during sclerotization, as shown in Fig. 2.11.64 The substitution 
pattern (4-substituted) is different from the observations in Fig. 2.9. Up till 
now, it is not clarified at which position on the aromatic ring of o-quinone 
the amine is most likely to attach.  
The presence of dopa-histidine crosslinks has also been reported in other 
work.65-67 The proposed structure of the crosslink structure is shown in Fig. 
2.12. 
In tobacco processing, the formation of o-quinone-amine adducts has also 
been identified. During the drying process of tobacco, o-quinone reacts with 
nornicotine, resulting in a red color absorbing at 570 nm.68,69 A model 
reaction of nornicotine with o-quinone is indicated in Fig. 2.13.29 Products 
from both Michael addition and Schiff base reactions (which will be 
discussed in the next section) were formed.  
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Figure 2.11. Proposed crosslinking pathway for sclerotization.64 Reprinted 
from ref. 64, Copyright 2001, with permission from Elsevier. 
 
Figure 2.12. Proposed crosslink structure for sclerotized insect cuticle 
involving N-β-alanyldopamine.65 
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Figure 2.13. Reaction of o-quinone with nornicotine.29 Reprinted from ref. 
29, Copyright 2004, with permission from Springer. 
Similar amino-catechol adducts from Michael addition were studied by 
Rafiee and co-workers. They employed cyclic voltammetry and controlled 
potential-coulometry to study the electrochemical oxidation of catechol (1) 
in the presence of sulfanilic acid (2) resulting in the formation of an amino-
o-quinone derivative (3a) (Fig. 2.14).70 
 
Figure 2.14. Reaction scheme of catechol with sulfanilic acid.70 Reprinted 
from ref. 70, Copyright 2006, with permission from Springer. 
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Messersmith et al. identified quinone-amine adducts indirectly using atomic 
force microscopy measurements on the interaction of a single N-Boc-
protected dopa residue in contact with an amine-containing Si surface.71 
They found that the pull-off force is initially 2.2 nN at pH 9.7, after which, 
an additional contact/pull-off measurement showed no adhesion force. This 
result indicated that the formation of a covalent, irreversible dopa-N bond is 
possibly formed via Michael addition. Similar reactions between dopa and 
amines may also occur in mussel-secreted proteins; however, no direct 
evidence of this exists up till now. 
Parameters influencing Michael-type addition 
Three parameters that affect the Michael addition of catechol and amine 
groups are pH, the type of catechol groups and the basicity of the 
nucleophile amines. For instance, Truscott et al. investigated the oxidation 
of catechol by tyrosinase in the presence of aniline at pH 7 and 11.7, 
respectively.61 By analyzing the aromatic and olefinic resonance in the 1H 
and 13C NMR spectrum of the final products, they found that at pH 7, the 
majority of the products is 4,5-diarylamino-1,2-dihydrobenzene formed by 
Michael addition (Fig. 2.15 (a)) with small amounts (4%) of a compound 
formed by Schiff base reaction (Fig. 2.15 (d)) (as will be discussed in the 
next section). In comparison, at pH 11.7, only tautomers of 4,5- 
diarylamino-1,2-dihydrobenzene (Fig. 2.15 (a), (b) and (c)) were formed. 
pH also affects the reaction rate of Michael addition through the protonation 
state of the amines. For instance, Shirmohammadi et al. studied the reaction 
of electrochemically generated o-quinones and nucleophilic N-
methylaniline by cyclic voltammetry.72 They found that the rate constant for 
Michael addition increases with increasing pH, up to pH 6. This trend is 
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related to the deprotonation of the amine group. By increasing the pH to a 
value higher than 6, the rate constant slightly decreases. This decrease may 
be explained by the fact that the conversion of o–quinone to catechol needs 
proton exchange. An increase in reaction rate of o-quinone with amine 
groups with increasing pH was also reported for catechol oxidation in the 
presence of sulfanilic acid: At pH 3 the rate constant is 0.35 M-1s-, while 
at1pH 6.5, the calculated rate constant is 0.45 M-1s-1. At low pH, sulfanilic 
acid is protonated, yielding deactivated amine groups towards the Michael 
addition reaction with o-benzoquinone.70 Therefore, the reaction rate is 
decreased. Similar observations have also been reported for the reaction 
between 3-substituted catechols with dibenzylamine.73 
 
Figure 2.15. Michael addition reaction products from reaction of aniline and 
o-quinone; (a) 4,5-diarylamino-1,2-dihydrobenzene (b) and (c) tautomers of 
4,5-diarylamino-1,2-dihydrobenzene. d) Product from Schiff base 
reaction.79 
The second parameter that affects Michael addition is the type of catechols. 
Shirmohammadi et al. studied the effect of catechol type on the kinetics of 
catechol oxidation in the presence of N-methylaniline.72 The reaction 
mechanism is shown in Fig. 2.16. They reported that the reactivity of 
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catechol is higher than that of 4-methylcatechol. The lower reactivity of 4-
methylcatechol is related to the steric effect of the methyl group. The 
occupation of methyl group reduces the probability of reaction by a factor 
of two. This reduced reactivity is also reflected in the difference in half-
wave potential (ΔE1/2) of reactants (catechol/ 4-methylcatechol) and 
products (diphenylamine). ΔE1/2 for the catechol and 4-methylcatechol are 
210 mV and 95 mV, respectively. By simulation, they also reported that the 
rate constants for the catechol and 4-methylcatechol are 1.23 and 0.42 M-1s-
1
, respectively. Besides the steric effect, the substitution group on the 
catechol ring also plays a role via its electronic properties. For substitution 
groups that are electronic-donating, they lead to a lower homogeneous rate 
constant in the Michael addition. For instance, the homogeneous rate 
constant in the case of catechol is 0.068 M-1s-1, while for 3-methylcatechol 
and 3-methoxycatechol these are 0.045 and 0.023 M-1s-1, respectively. 73 
 
Figure 2.16. Reaction mechanism of catechol/4-methyl catechol with N-
methylaniline72 
The Michael addition is also affected by the basicity of the nucleophilic 
amines. Kazemi and coworkers reported the oxidation of catechol in the 
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presence of three secondary amines morpholine, dimethylamine and 
diethylamine.73 The basicity trend of the three amines is decreasing in the 
order of diethylamine (basicity constant k=1.05*10-3), dimethylamine 
(k=4.79*10-4) and morpholine (k=2.14*10-6). At a fixed pH, the 
concentration of free amines that are active for Michael addition showed an 
increasing trend in the series of diethylamine, dimethylamine and 
morpholine. A higher concentration of nucleophile causes a higher reaction 
rate. Therefore, morpholine showed the highest reaction rate. In the 
presence of aromatic amines, when the pKa of aromatic amine is low (pKa 
~ 5.0), the quinone-aromatic amine adducts even formed at acidic pH.74,75 
2.2.1.2 Schiff base reaction 
O-quinone can also react with amines by Schiff base reaction. The reaction 
mechanism is unclear. However, the quinone-imines from Schiff base 
reaction have been detected using 1H NMR. Horak and co-workers 
characterized the product (Fig 2.17 (3)) from the reaction between 
cyclohexylamine (Fig. 2.17 (2)) with 3,4-di-tert-butyl-1,2-benzoquinone 
(Fig. 2.17 (1)) using 1H NMR.76  
 
Figure 2.17. Reaction scheme of 3,4-di-tert-butyl-1,2-benzoquinone with 
cyclohexylamine76 
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The structures of the amine-catechol adducts have also been confirmed by 
characterization with FTIR. Feng et al. reported the reaction of 
poly(dopamine) with polyetherimide (PEI), and detected an absorption at 
1623 cm-1  by FTIR. This absorption was attributed to the C=N stretch, 
which originates from a Schiff base formation.77 The Schiff base reaction 
has also been identified for the reaction between lysine or polylysine with 
o-quinone.78,79 Burzio and Waite reported the coupling of a model catechol-
containing decapeptide compound with the amino acid lysine or glycine.15 
They analyzed the material by MALDI-TOF mass spectrometry, and found 
that the molar mass decreased by 18 after adding the amino acid to the 
oxidized decapeptide. This mass loss corresponds to a loss of one water 
molecule, which should be due to the Schiff base reaction between amine 
and o-quinone. Faure et al. have also indirectly observed the Schiff base 
product.80 They reported that a nanogel formed from the reaction between a 
homopolymer of methacrylamide bearing 3,4-dihydroxy-L-phenylalanine 
(P(mdopa)) and poly(allylamine) at pH 10. They performed solid state 13C 
NMR and found that the peak at a chemical shift of 160 ppm increased. 
They assigned this peak to the imine bond formed by the Schiff base 
reaction between oxidized o-quinone in P(mdopa) and the amines in 
poly(allyamine). When the oxidized o-quinones were occupied by metal 
ions, e.g. Ag+, the product showed increased peak intensity at a chemical 
shift of 140 ppm in solid state 13C NMR, indicating the formation of an 
amine-catechol adduct formed by Michael addition.80 
Parameters influencing Schiff base reaction 
The Schiff base reaction is strongly affected by pH. As proposed by 
Manthey et al., the reaction between catechol and 2-phenylethylamine at 
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neutral pH first forms a phenylethyl product (Fig. 2.18a) as the intermediate, 
which further transforms to imine-quinone adduct through Schiff base 
reaction (Fig. 2.18a).79 At higher pH (11.7), as shown in Fig. 2.18b, the 
product is catalyzed to give an intermediate, which undergoes further Schiff 
base formation at the carbonyl of the vinylogous amide moiety rather than 
that of the less reactive vinylogous carboxylate anion.79 
 
Figure 2.18. Reaction mechanism of catechol with 2-phenylethylamine 
under a) neutral pH; b) high pH (11.7)79 
Another parameter that strongly affects Schiff base reaction is the chain 
length of the compound containing the primary aliphatic amine. A longer 
chain length leads to a decrease in the basicity of the -NH2, which enables 
the formation of catechol-NH2 at a lower pH. As reported by Sealy, the ease 
of forming catechol-amine adducts is GlyGlyGly > GlyGly > Gly.74  
2.2.1.3 Strecker degradation 
O-quinone can also react with amines by Strecker degradation.29 This 
reaction is an oxidative degradation at high temperature of -amino acids 
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by o-quinone (Fig. 2.19). During the reaction, critical intermediates, i.e. 
related aldehydes (Strecker aldehydes) and 2-aminocarbonyl compounds, 
are produced. Such compounds contribute to aromas in processed food. 
Though the reaction is important, it is beyond the scope of our review, since 
our focus is on the crosslinking reactions of catechols in living organisms 
and natural products, without involving the reaction under heating 
conditions.  Yaylayan et al. has written an excellent review about this 
research field. 81 
 
Figure 2.19. Strecker degradation reaction 
To summarize, the reactive o-quinones react with nucleophilic amines, as 
indicated in Fig. 2.20, through three reaction pathways, i) Michael type 
addition, ii) Schiff base reaction and iii) Strecker degradation. In a Michael 
type addition an amine is attached to the catechol ring at the 4- or 5- 
position, and in a Schiff base reaction the amine attacks the 2- position at 
the catechol ring and an imine is created. 
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Figure 2.20. o-quinone reaction with amines 
The reaction pathway between o-quinone and amine depends on the type of 
amine. Generally, aromatic amines favor Michael-type addition, whereas 
aliphatic amines favor Schiff base reaction. The quinone-amine adducts 
formed from these three mechanisms have been detected in both natural and 
synthetic mimics systems, such as cuticle sclerotization and natural food 
products. Three parameters can affect Michael type addition, i.e., pH, type 
of catechol groups and the basicity of nucleophile amines. In general, an 
increase in pH results in a higher reaction rate. Catechols with a substitute 
on its ring such as 4-methylcatechol reduce the reactivity when compared to 
catechols, mostly due to the steric effect of the methyl group. In addition, 
substituents that are electron donating also lead to a lower reaction rate. A 
third factor is the basicity of the nucleophilic amines. Generally, a more 
basic amine resulted in a higher reaction rate.  
Schiff base reactions are affected by the pH and the chain length of the 
compound containing the primary amine The pH for the formation of 
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catechol-amine adducts can be tuned by the chain length of the primary 
aliphatic amine. A longer chain length leads to a decrease in the basicity of 
the primary amine, which allows the reaction to proceed at lower pH.  
2.2.2 Reaction between catechols with thiols 
The electrophilic o-quinone is highly reactive, and can react through 
Michael-type addition with nucleophilic thiol groups to form catechol-thiol 
adducts. The conjugation of the nucleophilic thiols to o-quinones was 
proposed to proceed as shown in Fig. 2.21.82 The catechol and its 
derivatives are readily oxidized to form o-quinone. The quinones 
spontaneously undergo an attack by the nucleophilic thiol group at the 2-
position of the ring, which leads to the regeneration of a catechol. The 2-
substituted catechol moiety can be re-oxidized to form quinones. Thereafter, 
the resultant 2-substituted o-quinones undergo a second nucleophilic attack 
at the 5-position of the ring.  
 
Figure 2.21. Proposed mechanism for the conjugation of catechol to a 
nucleophilic thiol group in aprotic solvent82 
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The presence of catechol-thiol adducts have been detected in many different 
systems.83,84  For instance, Waite and co-workers analyzed the components 
in cured glues secreted by the polychaete Phragmatopoma californica.2 
They found that the proteins contained 5-S-cysteinyl-dopa crosslinks that 
had been formed from dopa and cysteine during the setting process. The 5-
S-cysteinyl-dopa has a molecular weight of 316.1 Da and the crosslink 
density was estimated to be one per 100 amino acids.2 The same adduct has 
also been detected in the plaque footprints of California mussels Mytilus 
californianus. The crosslinked proteins could be isolated by acid hydrolysis 
due to the stability of catechol-thiol adducts in acid.2,15,85 The obtained 
compounds were characterized by UV-Vis spectrophotometry, electrospray 
ionization mass spectrometry and tandem mass spectrometry. In another 
type of mussel: the green shell mussel perna canaliculus, both 5-S-
Cysteinyl-dopa and 2-S-Cysteinyl-dopa crosslinks were detected. 5-S-
cysteinyl-dopa crosslinks were 10 times more abundant than 2-S-Cysteinyl-
dopa, reaching more than 1 mol% in the threads. These two crosslinks could 
also be formed in vitro by incubating the protein (perna canaliculus foot 
protein pcfp-1) solution with tyrosinase at pH 7.5.2 Mfp-6 is known to have 
high concentrations of cysteine (more than 11 mol%).3,86 The cysteine has a 
low pKa, which enables the formation of thiolate at  pH  5.5 inside the 
mussel.87 Since thiolates are more reductive than thiols, in mussel foot 
proteins, the thiolates are the operative antioxidant group.88 The mechanism 
of  dopaquinone reduction to catechol by thiolate is proposed to consist of 
two steps: i) nucleophilic attack of quinone by the first thiolate anion to 
form S-cysteinyl-dopa adducts; ii) the thiolether adducts are attacked by a 
second thiolate anion to form disulfide and dopa, as depicted in Fig. 2.22.3 
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Figure 2.22. Proposed reaction mechanism of quinone reduction by 
thiolates.154 Reprinted from ref. 154, Copyright 2011, by permission from 
Macmillan Publishers Ltd. 
Thiol-catechol adducts have also been identified in synthetic polymers. Yoo 
and co-workers prepared electrospun nanofibrous meshes from catechol-
conjugated 8-arm poly(ethylene glycol) (8cPEGa) and thiolated poly(lactic-
co-glycolic acid) (PLGA-SH). They identified the conjugation of thiol and 
catechol by comparing the Raman spectra differences between nanofibers 
before (NF) and after crosslinking (XNF) using sodium periodate 
solutions.89 They identified peaks at 640-820 cm-1 and 2180-2290 cm-1, 
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which were ascribed to C-S or C-S-C and sulfur-hydrogen bonds, 
respectively. The peak intensity of C-S or C-S-C in XNF increased 40-fold 
compared to  NF, while the peak intensity of sulfur-hydrogen bond signals 
decreased significantly. These observations indicated the conjugation of the 
sulfur atom of PLGA-SH to the carbon atom of 8cPEGa.89 Messersmith et 
al. designed a bio-inspired composite hydrogel with excellent tissue-
adhesion properties using the thiol-catechol reaction. The composite was 
prepared by mixing hyaluronic acid conjugated with dopamine (HA-DA) 
with a thiol end-capped Pluronic F127 (Plu-SH) in PBS buffer at pH 7.4. 
By using UV-Vis spectroscopy, oxidation of catechol in HA-DA resulted in 
quinones (absorbance peak at 375 nm), which subsequently reacted with 
Plu-SH via thiol-catechol linkage at pH 7.4 (absorbance at 293 nm and 615 
nm).90 
Parameters influencing reaction between catechol and thiol 
The addition efficiency of catechol to thiols depends on the oxidation rate 
of the catechols and on the nucleophilic strength of the thiols. In general, a 
higher oxidation rate of the catechols leads to a more efficient thiol-catechol 
conjugation. As reported by Darriet and co-workers, the type of catechol 
derivative affects the efficiency of catechol-thiol conjugation.91 By 
analyzing the addition products upon reaction of 3-sulfanyhexan-1-ol (3SH) 
with o-quinones derived from (+)-catechin, (-)-epicatechin and caftaric acid, 
it was found that the production of adducts decreases in the order of 
catechin, epicatechin and caftaric acid. Another parameter that affects the 
addition efficiency is the nucleophilic strength of the thiols, which was 
modulated by the steric hindrance of the thiol groups. Primary thiols are 
more reactive than tertiary thiols.92 Nikolantonaki et al. reported the 
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reactions between the thiols 3-sulfanyhexanl-ol (3SH), 2-furanmethanethiol 
(2FMT) and 4-methyl-4-sulfanylpentan-2-one (4MSP) and the catechol 
derivatives (+)-catechin and (-)-epicatechin. They demonstrated that 4MSP 
was relatively less reactive towards o-quinones than 2FMT and 3SH. 2FMT, 
is a primary thiol and is expected to have the least sterically hindered 
sulfhydryl group of the three thiols. Therefore, 2FMT showed the highest 
reactivity with the quinones. In contrast, 3SH and 4MSP are secondary and 
tertiary thiols, respectively. The stronger steric hindrance resulted in lower 
reactivity.93  
To summarize, o-quinone undergoes a nucleophilic attack by thiols at the 2- 
and 5- position of the aromatic catechol ring, and thiol-catechol adducts are 
formed (Fig. 2.23). The addition efficiency of the reaction is increased by a 
higher oxidation rate of catechols. Moreover, primary thiols with less steric 
hindrance exhibit higher reactivity than secondary and tertiary thiols.   
 
Figure 2.23. Michael type addition of catechols with thiols 
2.2.3 Aryloxy radical coupling 
The o-quinone groups can also go through reverse dismutation to an 
unoxidized catechol, yielding two highly reactive semi-quinone 
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radicals.15,37 The formed radicals can couple to form di-dopa crosslinks (Fig. 
2.24).  
 
Figure 2.24. Crosslinking pathways by aryloxyl coupling  
Haemers and co-workers studied the oxidation and aggregation of mfp-1 
under different conditions by using photo correlation spectroscopy and 
proposed a kinetic model for the crosslinking pathway.94 The crosslinking 
kinetics are related to the rate of dopa oxidation and the rate of o-quinone 
dismutation to form semiquinone radicals. They studied the crosslinking 
and aggregation of mfp-1 with and without the presence of a strong 
oxidizing reagent (iodate). In the presence of iodate, the dismutation of o-
quinone with catechols is the rate-determining step, but the oxidation of 
catechol to o-quinone is very fast. Crosslinking stops when all dopa has 
been oxidized to o-quinone, resulting in limited crosslinking. Therefore, 
addition of an oxidizing reagent limits semiquinone radical formation, 
resulting in few crosslinks and small aggregates of mfp-1.  
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In the absence of a strong oxidizing reagent at high pH, Haemers and co-
workers observed small particles at the beginning and large aggregates at 
the end of the reaction.94 This observation indicates that the oxidation of 
catechol is the rate-determining step. This limitation causes dopa to remain 
available for the dismutation of o-quinone to form semiquinone radicals, so 
as to form more crosslinks and large aggregates. Increasing the pH in the 
absence of a strong oxidizing agent leads to faster catechol oxidation. In 
this way, more o-quinone can react with the remaining dopa to form more 
semiquinone radicals that can crosslinks. Therefore, a high pH yields a mfp-
1 sample with more aggregates.  
The presence of di-dopa crosslinks has also been identified in other natural 
systems.15 For instance, Waite et al. has identified the 5, 5’-di-
dihydroxyphenylalanine crosslinks in the protein of Mytilus edulis by NMR 
spectroscopy studies.37 In a different study the reactivity of peptidyl-dopa in 
two euroendocrine peptides, (a neurotensin fragment and proctolin), was 
measured in vitro, in the presence of tyrosinase and periodate. The authors 
characterized the formed dimer/trimer by UV-Vis spectrophotometry and 
matrix-assisted laser desorption ionization mass spectrometry. They 
identified the presence of di-dopa crosslinks based on the absorbance peak 
at 410 nm of the dimer/trimer and a weight loss of 2 Da during each 
coupling of dopa.95  
O-quinone may also tautomerize to form ,-dehydro derivatives of 
catechols, which may further react to form crosslinks (Fig. 2.25). The 
presence of ,-dehydro derivatives has been identified.96-98 Rzepeki and 
Waite studied the oxidation of N-acetyl-dopa ethyl ester (NADEE) in the 
presence of sodium periodate using UV-Vis spectrometry.97 Upon 
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oxidation, o-quinone formed, as evidenced by a characteristic peak at 392 
nm. This quinone peak decayed, accompanied by the emergence of a peak 
at 320 nm, that is characteristic for the ,-dehydro derivative of 
NADEE.96,97 ,-dehydro derivatives may further react with other 
functional groups to form crosslinked networks.  However, a clear 
mechanism is still lacking.  
 
Figure 2.25. Tautomerization of o-quinone to ,-dehydro derivative 
To summarize, as indicated in Fig. 2.26, o-quinones can undergo 
dismutation with catechols to form o-semiquinone radicals, which further 
can couple to form crosslinks. The kinetics of this pathway is dependent on 
the presence of extra oxidants. In addition, o-quinones may also tautomerize 
to form ,-dehydro derivatives, which further react to form crosslinks.  
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Figure 2.26. o-quinone forms crosslinks via two pathways: dismutation and 
tautomerization 
2.3 Polydopamine formation mechanism and possible structures  
Catecholamines can undergo oxidative self-polymerization under mild 
alkaline condition to form homopolymers20,99. The most famous example is 
polydopamine (PDA). PDA is insoluble in water (acid, neutral and basic), 
and in almost all common organic solvents and can be deposited onto any 
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type of substrate.100 This versatility, together with the reactivity of catechol 
with other functional groups (e.g. amines, thiols) has aroused a lot of 
interest in different applications, such as surface modification, 
biomineralization, anti-fouling coatings, water purification membranes, 
biotechnology and biomedicine.20,99,101,102 
Despite the extensive applications of PDA, the molecular mechanism of 
formation is still ambiguous. Initially, PDA formation was believed to 
resemble the formation mechanism of melanin that occurs in living 
organisms (Fig. 2.27). It was proposed that the oxidation of dopamine at 
basic pH leads to the formation of dopamine quinone, which subsequently 
goes through intramolecular cyclisation to form leucodopaminechrome. The 
leucodopaminechrome is further oxidized to form dopaminechrome. 
Thereafter, dopaminechrome rearranges to form 5,6-dihydroxyindole (DHI), 
which is further oxidized to form 5,6-indolequinone. DHI and 5,6-
indolequinone can subsequently go through reverse dismutation reactions to 
form crosslinks. 31  
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Figure 2.27. Reaction mechanism of melanin formation by dopamine 
oxidation.155 Reproduced with permission from ref. 155. Copyright 2013, 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
 
Bielawski and co-workers proposed that the structure of PDA is a 
supramolecular aggregate of monomers (consisting of mainly DHI and its 
dione derivatives) instead of made up of covalent bonds among dopamines 
(Fig. 2.28).100 They employed a variety of solid state spectroscopic and 
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crystallographic techniques to analyze the isolated product from the 
polymerization of 3-hydroxytyramine hydrochloride under aerobic 
conditions, in tris(hydroxymethyl)aminomethane (TRIS) buffer at pH 8.5. 
They proposed that the PDA is an aggregate held together by strong non-
covalent forces including hydrogen bonding, -stacking, and charge 
transfer.  
 
Figure 2.28. The PDA material is proposed to be comprised of intra- and 
interchain noncovalent interactions, including hydrogen bonding, -
stacking, and charge transfer. 100 Reprinted from ref. 100, Copyright 2010, 
with permission from Elsevier. 
Recently, it has also been proposed that both covalent and non-covalent 
interactions (Fig. 2.29)103 co-contribute to PDA formation. The proposed 
covalent interactions are similar to the pathway stated in Fig. 2.27. The 
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dopamine goes through oxidative polymerization via DHI to form a DHI-
DHI dimer, or dopamine-DHI-DHI trimer conjugates, which ultimately 
assembles to form polymeric aggregates. D’Ischia and co-workers reported 
three possible components in PDA, namely uncyclized catecholamine, 
cyclized indole units, and novel pyrrolecarboxylic acid moieties (Fig. 
2.30).104 Moreover, the PDA has also been proven to arise from a physical, 
self-assembled trimer of (dopamine)2/DHI. The trimer complex was found 
to be so tightly trapped within polydopamine, that it barely escapes from the 
dopamine complex.103 However, Buehler and co-workers reported that a 
non-covalent DHI aggregate did not contribute to PDA formation.105 They 
developed a computational model of PDA and performed nano-indentation 
experiments on the prepared PDA film. They found that the Young’s 
modulus from both studies were 4.1-4.4, and 4.3-10.5 GPa, respectively. 
The high Young’s modulus excludes the possibility of PDA being formed 
from physically self-assembled aggregates. We should point out, however, 
that all these models have been proposed rather than fully proven.  
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Figure 2.29. Polydopamine synthesis occurs via two pathways.103 Reprinted 
with permission from ref. 103. Copyright (1982) American Chemical 
Society. 
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Figure 2.30. Simplified overall view of main reaction pathways involved in 
polydopamine formation. 104 Reproduced with permission from ref. 104. 
Copyright 2012, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
 
Based on the proposed mechanisms, PDA, in analogy to eumelanin,106,107 
can be interpreted as supramolecular aggregates assembled from the 
oligomers of DHI, rather than a conventionally recognized polymer. This 
aggregate structure of PDA, similar to eumelanin, is thought to give rise to 
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the PDA broadband absorption spectrum and enhanced absorption intensity 
at the higher-energy end.107 The combination of these absorption 
characteristics and catechol binding functionality that PDA exhibits, results 
in striking optical, adhesive and mechanical properties. Lu, et al. has 
reported a comprehensive review on the physicochemical properties and 
applications of PDA.23 
Parameters influencing polydopamine formation 
The PDA formation is affected by several parameters, such as the dopamine 
concentration, buffer type, pH, the presence of oxidant, preparation method, 
etc. In the following, these parameters will be discussed one by one. 
The starting concentration of dopamine affects the final composition of 
PDA. d’Ischia and co-workers studied the polymerization of dopamine at 
pH 8.5 in TRIS, NaHCO3, or phosphate buffer solutions, respectively.108 
They found that when the quinone was generated by auto-oxidation in the 
presence of a high dopamine concentration (e.g. 10*10-3 M), the generated 
quinone might be efficiently trapped, yielding mainly dimers. In contrast, 
when the concentration of dopamine is low (e.g. 0.5*10-3 M), the quinone 
was formed more slowly, so that the quinones were less trapped. In this way, 
the chances for intramolecular cyclization to give DHI were increased. The 
degree of polymerization of the DHI indole units was also higher than those 
proposed from dopamine at a higher concentration (e.g. 10*10-3 M). Ruch 
and co-workers also investigated the influence of dopamine concentration 
on the kinetics of polymerization deposition.109 They investigated the 
polymerization of dopamine in TRIS buffer at pH 8.5 for different 
dopamine concentrations. An exponential decay function was used to 
describe the deposition kinetics. d(t) = d0 + dmax(1-e(-kt)), in which d(t) is the 
time-dependent film thickness of polydopamine; dmax is the maximal 
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thickness, and k is the kinetic constant. They found that dmax increased 
linearly with the dopamine initial concentration in the range of 0.1-5 g/L. In 
the presence of dopamine at 2 g/L and at pH 8.5, the film thickness was 
limited to 45 nm, as observed by Lee et al. and other researchers. However, 
by increasing the initial dopamine concentration to 3 and 5 g/L, the film 
thickness limitation could be overcome. Before the film deposition reached 
equilibrium, the film thicknesses were already 50 (for 3 g/L) and 70 nm (for 
5 g/L), respectively. The thicker films also gave a higher roughness.  
The polymerization of dopamine is also influenced by the buffer that is used. 
When dopamine is polymerized in TRIS buffer, as indicated by 13C solid 
state NMR, the TRIS was incorporated into the polydopamine. Therefore, 
the intramolecular cyclization of dopamine/quinone was inhibited, which 
resulted in a longer reaction time (e.g. 72h) but led to the same precipitates 
as compared to those prepared from phosphate or hydrogen carbonate 
buffers.108 Ruch and co-workers have also reported the incorporation of 
TRIS in PDA during the reaction.110 They ascribed this incorporation to the 
presence of primary amino groups. Moreover, they found that for the 
polymerization of dopamine at pH 8.5 in phosphate buffer, the film could 
reach a thickness of up to 100 nm, whereas one obtains a thickness of 45 
nm in the TRIS buffer. At pH 8.5, the phosphate was predominately present 
in the form of HPO42-, and could form hydrogen bonds with the hydroxyl 
groups of polydopamine, resulting in a film with higher thickness. In 
addition, the film thickness limitation in the single-step polymerization in 
TRIS of pH 8.5 can be overcome by using a multistep deposition.34 The 
multistep deposition consists of an initial immersion of the substrate in a 
basic dopamine solution, followed by drying the film with a nitrogen stream, 
and re-initiating the oxidation process of the film by immersing it back into 
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the starting polydopamine solution. This way, the film thickness can be 
grown from a few nanometers to the few hundred-nanometer.  
The polymerization of dopamine largely depends on the pH. Ruch reported 
that dmax and the kinetic constant in the deposition kinetics d(t) = d0 + 
dmax(1-e(-kt)), were largely affected by pH. In the pH range of 5-8.8, the 
result which unfortunately featured large error bars showed that dmax 
increased with pH, and leveled off after pH 8.5, while k increased with pH 
in the range of 7.0-10.2 in a reproducible way.  
PDA can be formed not only under mild basic conditions; the reaction can 
also proceed in the presence of other oxidants, such as ammonium 
persulfate, sodium periodate, sodium chlorate, or Cu2+.111 It has been found 
that the nature of the oxidant also affects PDA formation. If the dopamine 
was incubated under acidic conditions, no PDA could be formed.110 
However, by adding Cu2+ (Cu2+: dopamine molar ratio 3), the PDA film 
thickness grew linearly to 60 nm within 80 h. Moreover, the initial growth 
of the film thickness was also slower than that from PDA formation in 
TRIS buffer at pH 8.5. The resulting film showed different optical 
properties from that prepared from TRIS buffer. The UV spectra of the film 
using Cu2+ as the oxidant showed a distinct peak at 370 nm and a small 
peak at 320 nm. In contrast, a film prepared using O2 as the oxidant showed 
a similar spectrum to that of melanin. The authors attributed these 
differences to local changes in the branching between adjacent DHI due to 
the presence of Cu2+. 
To summarize, dopamine undergoes oxidative self-polymerization under 
mild alkaline conditions to form PDA (Fig. 2.31). The detailed mechanism 
of the polymerization as well as the structure of final PDA is still under 
debate. In general, both covalent and non-covalent bonds are involved in 
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the formation of PDA. The PDA formation is influenced by several factors, 
such as dopamine concentration, buffer type, pH, the presence of oxidant, 
preparation method, etc. By tuning these parameters, the deposition 
thickness of PDA on various types of substrates can be optimized. 
 
Figure 2.31. Polydopamine formation 
3. Role of metal ions in adhesive curing 
It has been proposed that metal ions play a key role in the cross-linking 
process of mussel proteins and other natural systems. In mussel adhesive, 
iron and other metals are present at remarkably high concentrations. The 
content in the organisms can be10,000 times higher than in the open sea.112-115 
Holten-Andersen et al. demonstrated that in M. galloprovincialis mussel 
byssal threads iron and dopa are colocated in the cuticle, which is the robust 
protective coating covering the threads (Fig. 2.32).116 The cuticle exhibits 
both high hardness and high extensibility.117,118 The colocalization of dopa and 
metal ions coupled with the remarkable mechanical properties of byssal 
threads suggest that metals ions play an important role in mussel foot 
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cohesion. Another natural example is the marine worm Bdelloura candida 
producing a dopa-protein, which is believed to contribute to the curing of the 
primary, inner layer of its eggshells.119,120 During the hardening and darkening 
of the eggshell, the metal levels (e.g., iron, copper, zinc, and lead) increase, 
suggesting the occurrence of a metal-dependent curing process.  
 
Figure 2.32: Maps of Fe, Ca, N, and C distributions in a transverse cross-
section of a mussel thread generated using secondary ion mass spectroscopy 
(SIMS).116 Reprinted with permission from ref. 116. Copyright (2009) 
American Chemical Society 
It has been proposed that metal ions either chelate with catechols to form 
coordination complexes or mediate covalent crosslinking. In section 3.1 the 
formation of metal-catechol coordination complexes are discussed and the 
influence of different parameters such as pH, catechol: metal ion ratio and ring 
substituents. Growing evidence supports the role of metal-mediated covalent 
crosslinking in both natural and synthetic systems, which is discussed in 
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section 3.2. We will focus our discussion on iron ions, because most of the 
work done so far was based on iron. In section 3.3 the influence of other metal 
ions on catechol crosslinking will be discussed. 
3.1 Fe3+-catechol coordination  
Catecholic hydroxyls in dopa can chelate with Fe3+ ions to form reversible 
non-covalent complexes in a variety of natural organisms such as marine 
worm eggshells, sea squirt wound plugs, and marine mussel adhesives.121-129 
For instance, some microorganisms contain molecules called siderophores that 
contain catechols to facilitate the solubilization and transportation of iron. One 
important example is enterobactin, which is produced by enteric bacteria and 
strongly chelates with Fe3+ with a stability constant of 1049.130,131 
A chelate is formed when a catechol donates a nonbonding electron pair to the 
iron ion. The non-covalent complexes are formed in three different modes: 
mono, bis and tris catechol-Fe3+ complexes (Fig. 2.33).129 The stoichiometry 
of catechol-Fe3+ complexes seems to be controlled by pH via the 
deprotonation of catecholic hydroxyls. The stoichiometric transitions were 
measured using a catechol functionalized polyethylene glycol polymer 
solution with FeCl3 in a catechol: Fe molar ratio of 3: 1. The mono catechol- 
Fe3+ complexes dominate at pH < 5.6, bis at 5.6 < pH < 9.1, and tris at pH > 
9.1 (Fig. 2.34).132 These measurements were in agreement with earlier 
measurements on Fe3+ catechol complex formation using UV-Vis 
spectroscopy.133 The data was also corroborated by the observation from 
Taylor et al. that at pH 7 both bis and tris catechol-Fe3+ complexes were 
present in Mytilus edulis adhesive protein, mfp-1134.  Zeng et al. proposed that 
the complexation mode (tris, bis, or mono complex) depends on the iron 
concentration.135 At low Fe3+, the tris complex formed; while at high Fe3+, the 
mono complex formed. This dependence is was in agreement with their study 
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on the adhesion between mfp-1 films in the presence of Fe3+. In the presence 
of low Fe3+ concentration (10 M), a number of tris complexes were formed, 
and significant and reversible adhesion was detected when two mfp-1 layers 
were brought into contact and immediately separated. In contrast, at higher 
Fe3+ concentration (100 M), only mono complexes were formed, resulting in 
poor adhesion.135 
 
Figure 2.33: pH dependent stoichiometry of Fe3+. 132 
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Figure 2.34: Catechol functionalized polyethylene glycol polymer. Relative 
fractions of mono bis and tris catechol-Fe3+ complexes in solutions with 
catechol-PEG with FeCl3 (catechol: Fe molar ratio of 3:1) as a function of 
pH.132 
It is important to note, that the solubility of Fe3+ is very low, especially at high 
pH. Therefore, to obtain bis and tris complexes in synthetic catechol 
functionalized polymer systems it was necessary to prebind Fe3+ in mono 
catechol-Fe3+ complexes at low pH before raising pH.132 Analogously, it was 
proposed by Holten-Andersen et al. that in mussel byssal threads, Fe3+ is 
prebound in mono-dopa-Fe3+ complexes by mfp-1 in secretory granules at pH 
 5. Upon secretion into the seawater the pH increases which could cause the 
spontaneous physical crosslinking by bis- and/or tris-dopa-Fe3+ complex 
formation.132  
The substitution groups on the catecholic aromatic ring affect the catechol-
Fe3+ coordination by changing the pKa values of the catechol analogues. 
Chapter 2 
65 
Studies on natural siderophores have established that catechol protonation is 
the rate-determining step in the dissociation of Fe3+-catechol complexes.136 
Catechol derivatives exhibiting higher stability constants upon chelating with 
Fe3+ also exhibit a higher proton affinity, i.e., a higher pKa value. Therefore, 
when the substitution group is electron-withdrawing, e.g., -NO2, it withdraws 
the electron density from the catechol moiety, resulting in lower pKa values 
(pKa for nitrocatechol is 6.7 and 10.3; for catechol is 9.1 and 14).137-139 
Thereby, nitro-substituted catechols are easier to chelate, i.e., nitrocatechol 
chelates with Fe3+ and forms crosslinks at lower pH values than catechols. 
This statement is confirmed by Menyo and co-workers. They studied the 
crosslinking of 4-arm PEG, end-functionalized with catechol, or nitrocatechol 
with Fe3+ at pH 9. The nitrocatechol-based hydrogels, as indicated from UV-
Vis spectrophotometry data, are predominately tri-coordinated, while 
catechol-based gels have a great number of bis-coordinated complexes.140 
The ability to form bis and tris catechol complexes implicates the role of iron 
ions as non-covalent cross-linking agents. Iron is particularly interesting, 
because the stability constants of bis- and tris-catechol-Fe3+ complexes are 
among the highest known for metal-ligand chelates. 121,129,134 Single molecule 
force measurements showed that the catechol-Fe3+ bond is only slightly 
weaker than a covalent bond under identical loading conditions71. It was also 
shown that the catechol-Fe3+ bonds can spontaneously reform after breaking, 
providing intrinsic self-healing properties to the material.71 
In addition, the loss of material stiffness and hardness upon metal removal 
(using the chelating agent ethylenediaminetetra-acetic acid (EDTA)) observed 
for both synthetic and natural materials is strongly suggestive of a non-
covalent crosslinking role.141 Nevertheless, there is growing evidence that Fe3+ 
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does not only lead to non-covalent complex formation, but also plays a key 
role in covalent crosslinking. This will be the topic of the next section. 
3.2 Covalent crosslinking mediated by Fe3+ 
Besides coordination bond formation, Fe3+ may also facilitate catechol 
oxidation, because oxidation of catechol and reduction of Fe3+ occur at similar 
potentials (~0.75 V) 142. Upon further reaction of the oxidized catechol, 
covalent crosslinks may be formed. Wilker et al. proposed 143,144 that tris dopa-
Fe3+ complexes undergo a valence tautomerisation in which Fe3+ is reduced to 
Fe(II), while dopa is oxidized to semiquinone radicals (Fig. 2.35). The 
semiquinone may further react with O2 to generate a radical species which 
may persist or convert to other radicals. Radical-radical coupling can occur to 
provide crosslinking. This mechanism is based on insights from spectroscopic 
studies on whole adhesive plaques performed by Wilker et al. Electron 
paramagnetic resonance (EPR) spectra were obtained for plaques and showed 
clear signals for both an organic radical species and Fe3+. In addition, they 
collected an EPR spectrum of extracted dopa containing adhesive proteins 
(mfp-1 and mfp-2) before deposition and crosslinking, which displayed no 
significant signal. Addition of Fe3+ to a solution of these proteins resulted in 
immediate precipitation and the EPR spectrum of the precipitate indicated a 
radical species and a Fe3+ signal.  They concluded that the radical found in 
plaques thus appeared to arise from Fe3+ mediated oxidation of the protein.114 
Additional evidence for covalent crosslinking was provided by Messersmith et 
al.145 Gel permeation chromatography (GPC) was used to provide direct 
evidence of Fe3+ mediated covalent crosslinking for catechol functionalized 
polyethylene glycol polymers. GPC data showed that the extent and rate of 
catechol-catechol covalent bond formation mediated by Fe3+ were highest at 
low pH. In addition, at pH 9 after 24 h in the absence of Fe3+ larger aggregates 
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were found than in the presence of Fe3+. The authors suggested that the Fe3+ 
may stabilize catechols against auto-oxidation by coordination. The pH 
dependency was corroborated by treatment of the materials with a chelating 
agent (EDTA). The samples designed at pH 3 were stable in EDTA, while 
materials fabricated at pH 5, 7 and 9 almost entirely dissolved when they were 
exposed to EDTA. However, the rheological properties of the different 
materials were not completely consistent with this picture. This needs further 
clarification. Finally, a pH dependent dual crosslinking mechanism was 
proposed, with covalent catechol-catechol adducts and Fe3+ catechol 
coordination dominating at acidic and basic conditions, respectively (Fig. 
2.36).145 The presence of catechol-catechol covalent bond has been, recently, 
directly observed for the reaction between 3-(3,4-dihydroxyphenyl)propionic 
acid (DHPA) and Fe3+ at acidic pH using NMR.146 The protection of catechol 
against auto-oxidation at basic pH in the presence of Fe3+ has also been 
observed for the reaction between DOPA-containing peptide (Ac-Ser-
DOPA-NH2) and Fe3+. By using HPLC-MS, at pH 9, no dimers of dipeptide 
were detected.146  
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Figure 2.35. Proposed mechanism of iron mediated catechol crosslinking.143 
Reprinted from ref. 143, Copyright 2010, with permission from Elsevier. 
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Figure 2.36: Proposed pH dependence of covalent and coordination bond 
formation mediated by Fe3+ in catechol functionalized polymers.145 
Reproduced with permission from ref. 145. Copyright 2013, WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim. 
As the catechol Fe3+ complexes are in dynamic equilibrium,129 Xu et al. 
suggested that the ratio of coordination to covalent bonds may shift over time 
from coordination bond to covalent bonds.147 The authors reported that at 
shorter contact times (10 min) and low Fe3+ concentration (10M), reversible 
interactions between catechol and Fe3+ were formed. This resulted in a 
relatively low work of adhesion between two mfp-1 coated surfaces. With 
longer contact times (100 min), the redox activity of Fe3+ facilitates catechol 
oxidation by one-electron oxidation, resulting in covalent bond formation and 
higher adhesion (20 mN/m).135,144 The dynamic nature of tris-complexes, i.e., 
the tendency to oxidize has also been observed for Al3+. Different from Fe3+, 
Al3+ does not have Al2+ state, and the one-electron oxidation does not exist. 
Nevertheless, it was shown that, at pH 12, the catechol-ended 4-arm PEG 
hydrogel changed from pure colorless (freshly prepared hydrogel) to brown in 
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one week. This color change implies the auto-oxidation of tris-chelated 
catechol under ambient conditions.132,140 
By combining the insights gained, a picture emerges of a dual crosslinking 
mechanism: in the presence of iron, catechol-containing polymers seem to 
cure by a combination of coordination and covalent crosslinking. By 
controlling the amount and distributions of both bonds excellent cohesive 
properties may be obtained. 
3.3 Interaction between catechol and other metal ions 
In addition to Fe3+, catechol can also interact with other transition metal ions. 
Wilker used a catechol-containing model system, i.e., acetyl-alanine-dopa-
threonine-proline-CONH2 peptide, to study catechol complexation with 
first-row transition metals.122 UV-Vis spectrometry was used to track the 
complexation formation during base titration (pH in the range of 3 to 11). 
They found that low-valent metals (i.e., Cu2+, Co2+, Ni2+) formed 1:1 and 
1:2 complexes, while high-valent ions (i.e. Fe3+, V3+, VO2+) formed 1:1, 
1:2, and 1:3 complexes.122 This suggests that these metal ions may also 
contribute to the curing of dopa proteins in natural systems. The different 
metal-catechol complexation stoichiometry has also been reported for Fe3+ 
and V
3+
 at pH 8.
148
 Holten-Andersen et al. investigated the complexation of 
catechol end-functionalized 4-arm PEG with Fe
3+
 and V
3+
, respectively. 
The UV-Vis spectra and Raman spectroscopy data showed that at pH 8, 
Fe
3+
 interacts with catechol via bis- coordination, while V
3+
 via tri- 
coordination.  
Hight and Wilker found that metal ions in their reduced state, i.e., Fe2+, V3+, or 
Mn2+, interact with catechols to form a weak coordination bond.149 The weak 
bonding may be enhanced by the addition of oxidants, e.g., hydrogen peroxide 
or sodium periodate. By adding both metal ions (reduced state) and oxidants 
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to catechol-based derivatives, the reduced metal ions (e.g. Fe2+) may first be 
oxidized to its oxidized state (Fe3+), which further complexes with the 
catechols to form strong crosslinks. This enhancement due to the oxidants, as 
reported by Sever and Wilker, has been observed in a study on the influence 
of oxidants on the curing of dopa proteins in mussel adhesive by metal ions.149 
They found that, by adding oxidants (H2O2 or NaIO4)150,151, the resulting 
crosslinks from Mn2+, V3+ and Fe2+ showed higher penetration forces 
compared to that in the absence of the oxidants, indicating a higher extent of 
curing. They ascribed this enhanced curing due to the oxidation of Mn2+, V3+ 
and Fe2+ to Mn7+, V5+, and Fe3+, respectively. The enhancement has also been 
observed for Ga3+ by adding IO4-. However, Ga3+ is not redox chemistry 
active except under extreme conditions. Therefore, under ambient conditions, 
the mechanism of crosslinking enhancement for Ga3+ is still not understood.  
4 Conclusions and Outlook 
Catechol crosslinking relies on the versatile chemistry of catechols. They 
can react with a variety of functionalities, e.g., amines, thiols, and metal 
ions. A schematic overview of all reactions is shown in Fig. 2.37.  
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Figure 2.37. Crosslinking pathways of catechol-containing proteins 
Catechol-containing polymers or proteins are cross-linked either by forming 
covalent or non-covalent bonds. In general, the covalent crosslinking 
pathways start from the oxidation of catechols either by oxygen, enzymes or 
chemical oxidants to form o-quinone. The formed o-quinone is highly 
reactive and electrophilic and, therefore, susceptible for reaction with 
nucleophiles such as thiols and amines. The reaction either proceeds 
through a Michael addition or a Schiff base reaction. In addition, o-quinone 
can also undergo dismutation reactions with catechols to form o-
semiquinone, which then form di-dopa crosslinks by phenol radical 
coupling. In these reactions, the o-quinone formation has been well studied; 
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and the presence of di-dopa crosslinks, thiol-catechol and amine-catechol 
adducts have been detected in either natural organisms or synthetic 
polymers. The reaction kinetics of these reactions are dependent on a 
variety of parameters such as pH, type of oxidant (e.g. enzymes or chemical 
oxidant), type of ring substituents on the aromatic ring on catechols and the 
nucleophilic strength of thiols/amines. By tuning these parameters, the 
reaction kinetics can be optimized. Dopa-analogues containing both 
catechol and free amines in one molecule, e.g. dopamine, can undergo 
oxidative self-polymerization under mild conditions by intramolecular 
cyclization. Several mechanisms have been proposed. This process is 
affected by pH, dopamine concentration, type of oxidant used, etc. 
In addition, catechols can also complex with metal ions (e.g., Fe(III)) by 
forming coordination bonds. The modes of complexation are highly 
dependent on the pH. At high pH (pH > 10), tris-dopa-Fe(III) is formed. At 
moderate pH (e.g., 6 < pH < 8), bis-dopa-Fe(II) is formed; and at pH 5, 
mono-dopa-Fe(III) is formed. Fe(III) can also oxidize catechols to form o-
quinone, which then can form crosslinks by covalent bonding. Parameters 
that can be tuned to optimize the (non-covalent) crosslinking are pH, 
concentration of metal ions, the type of metal ions, etc. 
In conclusion, the chemistry of catechols is very versatile. By using 
simplified catechol containing models, some parameters that affect the 
reaction pathways have been identified. However, detailed mechanisms for 
the different crosslinking reactions are still lacking. Much more research is 
needed to better understand the secondary reactions of o-quinone as well as 
the dual function of metal ions, i.e., coordination bond formation and redox 
chemistry. 
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Chapter 3 
Reaction pathways in catechol/primary 
amine mixtures: a window on crosslinking 
chemistry 
 
Abstract 
In this chapter, we aim at exploring the crosslinking chemistry of catechol and primary 
amine. To simplify the system, yet to capture the essential chemistry, model compounds 4-
methyl catechol (4-MC) and propylamine (PA) were used. We carried out the reaction of 
4MC with PA in the presence of NaIO4 in 10 mM Na2CO3 aqueous solution. We used a 
variety of spectroscopic and chromatographic methods such as 1H NMR, LC-MS, and UV-
VIS, to track the reaction, and identify the products/intermediates. We found that the 
crosslinking chemistry of catechol and amine is both fast and complicated. Within five 
minutes, more than 60 products were formed. These products encompass 19 different 
masses ranging from 179 to 704. By combining time-dependent data, we infer the 
dominant reaction pathways: the majority are formed via aryloxyl-phenol coupling and 
Michael-type addition, whereas a small fraction of products is formed via Schiff base 
reactions.  
 
 
 
 
 
 
 
 
 
 
This chapter is based on publication: 
Juan Yang, Vittorio Saggiomo, Aldrik Velders, Martien A.Cohen Stuart, Marleen 
Kamperman, Journal of the American Chemical Society, in preparation. 
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Introduction 
Catecholic compounds are widely distributed among natural animal and 
plant systems1-3. One famous example of a catecholic compound is 3,4-
Dihydroxyphenylalanine (DOPA). When exposed to air, DOPA is prone to 
oxidation. The formed o-quinones may further react with a variety of 
nucleophiles in various pathways to form crosslinks4. A well-known 
nucleophile is the amine that may react with o-quinones to form adducts 
either by Michael addition or Schiff base reaction (Scheme 3.1)4.  
 
Scheme 3.1. Reaction of amines with o-quinones via Michael-type addition 
or Schiff base reaction  
The reaction between catechols and amines is of vital importance in natural 
biological processes, such as the crosslinking of adhesive proteins by 
marine organisms5, the formation of cytoskeleton by insects6 and the 
biosynthesis of melanin7. For instance, in blue mussels, both DOPA and l-
lysine are present in large quantities in mussel adhesive foot proteins 
(mfps)8. It has been proposed that the -NH2 group in lysine side chains in 
mfps may react with the carbonyl groups of o-quinones to form Schiff-base 
adducts9. The reaction between catechols and amines, together with all 
other possible reactions involving catechols, contribute to the fast 
solidification of freshly secreted mfps to form a tough and robust cuticle9. 
Similar o-quinone-amine adducts have also been identified in insect 
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sclerotization. By isolation and proteolysis of the natural proteins from beak 
cutouts of squid Dosidicus gigas, Waite et al. has identified the presence of 
multimers (dimers, trimers and tetramers) of catechol–histidine adducts1,10. 
The catechol-amine chemistry occurring in natural organisms has attracted 
much attention in material science11-13. Several research groups have 
developed water-soluble polymers that form a gel or water-resistant film 
upon reaction between a catechol and an amine. For instance, Lee et al. 
synthesized a poly(ethylene glycol) polymer containing both catechol and 
amine functional groups11. Upon the reaction between the catechol and 
amine, the water-soluble polymer formed rigid hydrogels in one minute. 
Similarly, Xu et al. prepared a multilayered film by alternatively immersing 
a substrate in aqueous solutions of poly(acrylic acid-dopamine) (PAA-
dopamine) and poly(allyamine hydrochloride) (PAH), respectively. After 
triggering the reaction of catechol and amine, a stable and robust film was 
obtained.13 
Despite of the extensive literature on material development using catechol-
amine reactions, the mechanism remains unclear. Several mechanistic 
studies have been performed to gain more fundamental understanding. For 
instance, Kodadek et al. studied the reaction between catechol and amines 
using two peptide nucleic acids.14. They found that crosslinks were formed 
through Michael addition between amines with o-quinones. In addition, 
they formulated two premises that should be fulfilled for the reaction to 
proceed: i) close proximity of o-quinone intermediate and amine 
nucleophiles, and ii) the presence of sodium periodate. Waite et al. also 
studied the reaction mechanism by using natural decapeptides derived from 
mfp1, which contains both DOPA and lysines. They started the reaction by 
adding oxidants such as sodium periodate, or tyrosine. By using HPLC, 
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MALDI-TOF, and amino acid analysis, they observed that lysine is likely to 
contribute to intramolecular crosslinking with DOPA, rather than to 
intermolecular crosslink formation.9 These studies showed that the reaction 
mechanism differs strongly depending on the specific reaction conditions. 
The mechanistic studies mentioned above have given valuable insights in 
the crosslinking chemistry of catechols and amines. However, a thorough 
understanding of the mechanisms based on detailed product identification is 
still missing, resulting in uncontrollable crosslinking in many bio-mimetic 
materials. The difficulty in exploring the crosslinking chemistry in natural 
systems is related to the complexity of full-length proteins, and to 
ambiguities in tyrosine oxidation to DOPA or o-quinones. Therefore, in this 
study, instead of using proteins, we used small model compounds to study 
the crosslinking chemistry. The model compounds are 4-methyl catechol 
(4MC) and propylamine (PA). Sodium periodate and sodium carbonate 
aqueous solution (10 mM) were used as oxidant and solvent, respectively. 
By using HPLC and LC-MS, we found that the reaction of 4MC and PA is 
very fast. In less than five minutes, more than 30 products are formed. 
Among these products, the majority was from Michael-type addition. 
Additional products were mainly formed by Schiff-base reaction or phenol 
coupling.  
Materials and Experiments 
Materials 
All reagents were used as received unless noted otherwise. 4-
methylcatechol (95%), propylamine (99%), sodium periodate (99.8%), 
sodium iodate (99.5%), sodium carbonate (99.5%), acetic acid (99.99%), 
and silica gel 60 for chromatography were purchased from Sigma-Aldrich. 
Solvents used for HPLC and LC-MS analysis were acetonitrile (containing 
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0.1 v/v% formic acid) of HPLC grade, and water (containing 0.1 v/v% 
formic acid) of HPLC grade purchased from Sigma-Aldrich. Solvents used 
for synthesis were acetonitrile, n-hexane and diethyl ether of HPLC grade 
purchased from Biosolve.   
Experiments 
Synthesis of model compound 
The synthesis of the model compound 4-propylamino-5-methyl-o-quinone 
was adapted from the procedure reported by Suyama, et al.. Sodium iodate 
(6 g, 30 mmol) in 60 ml of distilled water was added slowly to a mixture of 
4-methyl catechol (4.97 g, 40 mmol) and propylamine (2.42 g, 41 mmol) in 
80 ml of acetic acid. After one hour of reaction in an ice-bath, the reaction 
mixture was slowly added to 500 ml cold milli-Q water, and followed by 
filtration. The solid material was dissolved in 200 ml acetonitrile, and 
extracted three times by 300 ml n-hexane. The fitrate was extracted three 
times with 500 ml n-hexane. All hexane layers were collected, and 
concentrated using rotary evaporation. Afterwards, the red solution was 
collected and separated by silica gel column chromatography with a n-
hexane/diethyl ether (8:2, v/v) mixture as eluent. Five fractions were 
collected and further subjected to HPLC measurements.  
 
Scheme 3.2. Chemical structure of 4-propylamino-5-methyl-o-quinone 
Sample preparation for HPLC and LC-MS 
Reactions mixtures for HPLC and LC-MS measurements were prepared by 
adding 4-methyl catechol (4MC) (1.24 mg, 2 mM), propylamine (PA) (1.77 
mg, 1 mM), and sodium periodate (2.14 mg, 0.5 mM) to 5ml of sodium 
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carbonate (10 mM) aqueous solution.  
Analytical HPLC analysis 
Analytic HPLC was carried out on Hewlett Packard 1100 systems coupled 
to UV detectors and the data were processed using HP Chemstation 
software. Separations were performed using a reversed-phase HPLC 
column (Alltima C18-5u, 4.6 mm, 250 mm) after injecting 10 L of the 
sample. Except where otherwise stated, the chromatography was carried out 
using UV detection at 254, 260 and 280 nm. A flow rate of 1 mL/min was 
used. The mobile phase consisted of a mixture of acetonitrile and milli-Q 
water (both containing 0.1 % formic acid), using the following gradient: (0 
min: 5 % CH3CN; 13 min: 45 % CH3CN; 23 min: 95% CH3CN; 32 min: 
95% CH3CN; 35 min: 5% CH3CN; 43 min: 5% CH3CN). 
LC-MS Analysis 
LC-MS was performed using a HPLC-MS from Thermo Scientific, 
Finnigan LXQ series. Analyses were performed using a reversed-phase 
HPLC column (Alltima C18-5u, 4.6 mm, 250 mm) injecting 10 L of the 
sample. A flow rate of 1 mL/min was used. A splitter was used, 0.2 ml/min 
entered the MS detector and 0.8 ml/min was disposed off. The mobile phase 
consisted of a mixture of acetonitrile and milli-Q water (both containing 
0.1 % formic acid), using the following gradient: (0 min: 0 % CH3CN; 13 
min: 55 % CH3CN; 23 min: 5% CH3CN; 32 min: 5% CH3CN; 35 min: 95% 
CH3CN; 43 min: 95% CH3CN). Positive ion mass spectra were acquired in 
ultrascan mode using electrospray ionization. MS analysis was performed 
using electrospray ionization (ESI) and detection in the positive mode, with 
a source voltage of 5.0 kV and an ion transfer tube temperature of 275°C. 
Chapter 3 
87 
Dynamic light scattering (DLS) 
Dynamic light scattering was used to monitor the formation of high 
molecular weight products between 4MC and PA. Briefly, a reaction 
mixture containing 2mM 4-methyl catechol, 1 mM propylamine, and 0.5 
mM sodium periodate in 5ml of 10 mM sodium carbonate aqueous solution 
was filtered through a 0.45 m polyethersulfone filter. Light scattering was 
performed using an ALV dynamic light scattering instrument with a Cobolt 
Samba- 300 DPSS laser (300 mW) operating at a wavelength of 532 nm 
and an ALF-5000/60X0 multiple  digital correlator. A refractive index 
matching bath of filtered cis-decalin surrounded the cylindrical scattering 
cell. All measurements were performed at a fixed angle  of 90, 
corresponding to a scattering vector  ~ 0.02 nm-1, where n is 
the refractive index of the solvent (water). The temperature was kept 
constant at 20 C using a Haake F3-K thermostat.   
1H NMR spectroscopy 
1H NMR of the sample was performed in D2O on a Bruker AMX-400 
spectrometer (400 MHz) at 25 C.  
UV-VIS spectroscopy 
UV-visible characterization was performed on a Shimadzu UV-2600 
spectrophotometer. The samples were measured using a wavelength scan 
range of 200-600 nm in a quartz cuvet.  
Results and discussion 
Reaction system design 
The crosslinking chemistry of catechols and amines is complicated and the 
mechanisms are still under dispute. Generally, it is accepted that the 
nucleophilic amines attack oxidized catechols by either Michael-type 
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addition or Schiff-base reaction. However, a detailed understanding of the 
identities of the products is still missing. In this study, we used several 
techniques to identify the products of catechol-amine crosslinking reactions. 
The proper choice of reaction system and reaction conditions is important. 
In material science, most often large molecular weight molecules are linked 
together with catechol and amine reactions. However, in this mechanistic 
study, 1H NMR is one of the techniques we used. It is thus desirable to keep 
the system as simple as possible to avoid possible peak broadening and 
overlapping. For this reason, we chose the simplest form of catechol and -
amino derivatives, i.e. 4-methyl catechol (4MC) and propylamine (PA), 
respectively. By using these two model compounds, we expect to capture 
the essential chemistry between catechol and amine. This essential 
chemistry would facilitate a better understanding of the catechol-amine 
crosslinking mechanism in polymer systems as studied in Chapter 4. To 
precisely identify the reaction products, the reaction conditions should 
fulfill the following requirements. Firstly, it is generally accepted that, for 
primary amines to work effectively as nucleophiles, they should not be 
charged15. Therefore, pH is an essential parameter. In our case, since the 
pKa of PA is 10.71, we maintained the pH of the reaction medium above 11 
using 10 mM aqueous sodium carbonate solution as the solvent. Secondly, 
as reported, the reaction rate of catechol oxidation at high pH is the rate-
determining step that affects further reactions. Therefore, we add an oxidant 
NaIO4 (0.5 equivalent to catechol) to form enough o-quinones.16 Thirdly, 
generally, the reaction between amines and o-quinones is slightly slower 
than that of aryloxyl coupling.17 To increase the likelihood of reacting o-
quinones with amines, we set the PA/4MC molar ratio to 3. This excess of 
amines with respect to catechols may well represent the polymer system we 
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studied in chapter 4, in which the polymer poly(dopamine acrylamide-co-2-
aminoethyl metharylamide) contains more amines than catechols. Finally, at 
high temperatures o-quinones may react with amines via Strecker 
degradation to produce aldehydes and 2-aminocarbonyl compounds. 
However, the crosslinking of catechols and amines for polymer systems as 
described in Chapter 4 usually proceeds at ambient conditions. Therefore, 
we set the reaction temperature at 20 C. 
1H NMR analysis 
The reaction of 4MC, PA and NaIO4 in 10 mM Na2CO3 aqueous solution 
was monitored by 1H NMR measurements. To have a clear understanding 
of the role of PA, we also studied two reference reactions: 4MC in 10 mM 
Na2CO3 (aq) and 4MC in the presence of NaIO4 in 10 mM Na2CO3 (aq). For 
4MC in 10 mM Na2CO3 (aq), and after 26 h, the reaction solution shows a 
pinkish color, and no precipitates were observed. The pinkish color 
indicates that some reactions might have been taking place. This indication 
is supported by the observation in Fig. 3.1(b), that the aromatic proton 
peaks are gradually shifted downfield. The shift might be due to the 
formation of o-quinones, in which the electron-withdrawing property of the 
carbonyl groups has a “deshielding” effect on the aromatic protons.  
Moreover, as shown in Fig. 3.1(a), little change is observed in the intensity 
of the methyl peaks ( = 2.2 ppm) and the aromatic peaks ( = 6.5-6.8 ppm) 
over time (Fig. 3.1(a)). The little change indicated that the reaction 
proceeded at a very slow rate. The slow rate might be due to slow catechol 
oxidation, which has been identified to be the rate-determining step under 
these conditions.16 To speed up the reaction, NaIO4 was added, and the 
reaction solution immediately turned dark red. In less than one hour, dark 
red precipitates were observed, which could not be detected by liquid 1H 
 Reaction pathways in catechol/primary amine mixtures 
 
90 
NMR. As shown in Fig. 3.2, the aromatic peaks ( =6.5-6.8 ppm) and 
methyl peaks ( = 2.2 ppm) decreased significantly over time. Meanwhile, a 
very broad peak at around  = 1.5 ppm emerged, indicating the formation of 
oligomer-like structures. Therefore, addition of NaIO4 has significantly 
increased the reaction rate.  
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Figure 3.1. 1H NMR spectra monitoring the reaction of 4MC in 10mM 
Na2CO3/D2O with time. Dioxane was used as a reference. (a) Full overview 
of the 1H NMR spectra (b) 1H NMR spectra in the aromatic region. 
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Figure 3.2. 1H NMR spectra monitoring the reaction of 4MC and NaIO4 in 
10mM Na2CO3/D2O with time. The molar ratio between 4MC and NaIO4 is 
0.5. Dioxane was used as a reference.  
 
Fig. 3.3 shows representative 1H NMR spectra of the reaction of 4MC, PA 
and NaIO4 in 10mM Na2CO3 aqueous solution. As soon as the reagents 
were mixed, the solution turned dark red. After one hour of reaction, dark 
red precipitates appeared. As shown in Fig. 3.3, the peaks related to 4MC, 
namely, the aromatic peaks at  of 6.3-6.75 ppm, and methyl peaks at  = 
2.1 ppm both decreased significantly in two hours. Moreover, broad peaks 
close to  = 2.1 ppm and  =7.0 ppm appeared within 11 min, and decreased 
again over time. The peaks related with PA, namely,  of 0.9, 1.48, and 2.65 
ppm also decreased with time. Meanwhile, three small peaks (marked in 
red) appeared. These three peaks were shifted downfield and showed 
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similar shapes as the peaks related with the alkyl groups of PA (positions e, 
d, and c). The integrated area ratio of these peaks is 3:2:2, which is the same 
ratio as the PA protons. This observation might indicate that the alkyl 
groups in PA are connected to the aromatic group in 4MC to form an 
amine-catechol adduct. In other words, PA reacted indeed with 4MC under 
the current reaction conditions.  
Collectively, the 1H NMR measurements suggest that oxidation of 4MC at 
high pH is slow and sodium periodate is needed to speed up the catechol 
oxidation. The oxidized 4MC may react with PA to form catechol-amine 
adducts. However, 1H NMR could not detect the precipitates observed in 
the reaction mixture, and additional techniques are needed to identify the 
reaction products.  
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Figure 3.3. 1H NMR spectra monitoring the reaction of 4MC, PA and 
NaIO4 in 10mM Na2CO3/D2O with time. The molar ratio between 4MC, PA 
and NaIO4 is 1:3:0.5. Dioxane was used as a reference. 
UV-VIS measurements 
UV-vis spectroscopy is a technique often used in catechol-related literature 
to follow catechol-involving reactions. Therefore, in this study, to gain 
additional insights into the reaction of 4MC with PA, we monitored the 
reaction mixture over time using UV-VIS spectroscopy. Two reference 
reactions were also studied.  
As shown in Fig. 3.4, 4MC in Milli-Q water showed a single characteristic 
absorbance peak at max=280 nm, which is attributed to unreacted catechols. 
Upon adding 4MC to 10mM Na2CO3, the transparent aqueous solution 
turned to pink immediately. The characteristic peak of catechol at max=280 
nm disappeared, along with the appearance of two new peaks at max= 240 
and 448 nm. These two peaks might reveal the formation of o-quinones by 
catechol oxidation.9 As the reaction proceeded, the peaks at max= 240 nm 
and max= 448 nm decreased, with the simultaneous appearance of peaks at 
277 nm (after 15 min). These changes suggest that the o-quinones react 
further to form other products. The new peaks at 277 nm gradually shifted 
to 283 nm within 50 min, along with a gradual intensity increase, which 
might be an indication of the formation of  di-DOPA crosslinks.9  
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Figure 3.4. UV-VIS absorbance monitoring the reaction of 4MC in 10mM 
Na2CO3 aqueous solution.  
Similar UV-VIS spectra were also obtained for the reaction of 4MC in 
10mM Na2CO3 aqueous solution in the presence of NaIO4, as shown in Fig. 
3.5. The difference with the reaction without NaIO4 is that the peak at 
around max= 240 nm was hardly visible at 5 min, which means that o-
quinones had already reacted further on that time scale. Apart from that, the 
spectra showed similar changes as those in Fig. 3.4. That is to say, the peaks 
at max= 441 nm decreased with time; and a new peak at max= 277 nm 
appeared (after 20 min), which gradually shifted back to max= 282 nm 
(after 1 h 5 min) and intensified over time. These changes also indicate that 
the o-quinones reacted further to form other products. It is unclear, 
however, what the reason is of the longer time taken for the appearance and 
shift of the peak at max= 277 nm. Perhaps, it is related to the increased o-
quinone concentration on the kinetics of further reactions. Nevertheless, the 
presence of NaIO4 did not alter the essential chemistry of the 4MC reaction. 
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Figure 3.5. UV-VIS absorbance monitoring the reaction of 4MC and NaIO4 
in 10mM Na2CO3. The molar ratio between 4MC and NaIO4 is 0.5. 
 
The UV-VIS spectrum of 4MC and PA together in the presence of NaIO4 in 
10mM Na2CO3 aqueous solution is shown in Fig. 3.6. By comparing to the 
spectra for 4MC only, or 4MC with NaIO4, some similarities can be seen, 
i.e., the initial disappearance of the characteristic catechol peak at max= 280 
nm; and the gradual peak shift from 277 nm (observed at 15 min) to 280 nm 
(observed after 35 min). These similarities suggest that in all cases 
oxidation of catechol to o-quinones proceeds immediately. In contrast, new 
peaks appeared at max= 358 and 488 nm, which gradually decreased 
somewhat over time, and concurrently, the intensity of the peak at 280 nm 
increased significantly. These changes indicate the occurrence of 
subsequent reaction of o-quinones. The increased absorbance at 
wavelengths higher than 500 nm has been associated in the literature with 
the formation of products from Michael type addition of catechol and 
amines.18 
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Figure 3.6. UV-VIS absorbance monitoring the reaction of 4MC, PA and 
NaIO4 in 10mM Na2CO3. The molar ratio between 4MC, PA and NaIO4 is 
1:3:0.5. 
 
HPLC  
Collectively, the 1H NMR and UV-VIS data suggest that 4MC reacts 
differently in the presence of PA than without. It is generally accepted that 
multiple reactions of 4MC and PA may take place. The presence of multiple 
reactants/products brings difficulty in interpreting the UV-VIS data. 
Therefore, in the following, we use HPLC to separate the reactants/products 
from the reaction mixture, and to study the time dependence of the reaction 
(Fig. 3.7).   
As shown in Fig. 3.7, the reaction proceeds very fast, as evidenced by 
multiple peaks already emerging in 5 min after mixing the reagents. Under 
the chromatographic conditions employed, NaIO4 eluted from the column 
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almost immediately, which is assumed to quench the reaction effectively. 
Unreacted 4MC did not show a signal (which should, as we checked, elute 
at a retention time of 12.2 min) in Fig. 3.7, suggesting that all 4MC has 
undergone oxidation. Since PA does not respond to UV, and 4MC has 
already reacted to o-quinones, the peaks shown in Fig. 3.7 must be 
considered as evidence of products/intermediates. The peaks at retention 
times around 6.34 and 6.5 min (after 5 min of reaction) disappeared after 
one hour of reaction, indicating that the corresponding compounds must be 
highly reactive intermediates. After one hour of reaction, two peaks at 
retention times of 3.1 and 7.0 min started to emerge, and they increased 
until the longest recorded reaction time of 24 h. Aside from these two 
peaks, all the other peaks decreased with time. Therefore, the elution 
patterns of 5 min and one hour already represent the majority of the 
products/intermediates. Therefore, these two chromatographic profiles were 
further characterized by mass spectroscopy. 
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Figure 3.7. HPLC-UV chromatograms (monitored at 254 nm) of the 
reaction mixture of 4MC, PA, and NaIO4 with time. The ratio of 4MC, PA 
and NaIO4 is 1:3:0.5. 
LC-MS analysis for peak identification 
To identify the possible intermediates/products in HPLC, we obtained mass 
spectra for the observed peaks in HPLC using mass spectroscopy. Here one 
should note that all the peaks in the elution profile of Fig. 3.7 are slightly 
shifted due to equipment differences as shown in Fig. 3.8. However, this 
shift does not alter the chemistry of the reaction.  
In general, as discussed previously in Scheme 3.1, the reaction between 
oxidized catechol and amine in basic aqueous conditions can proceed via 
two pathways: 1) Michael-type addition of amine to o-quinone; 2) Schiff 
base reaction of amine to o-quinone. Moreover, o-quinones may also react 
with catechols via dismutation to form catechol-catechol crosslinks. As seen 
in Scheme 3.3, the phenol radical coupling generally takes place at 
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positions 3, 6, and possibly at positions 1 and 2. Coupling of two catechols 
would lead to a mass loss of 2 Da 9 at position 3 and 6 and a mass loss of 16 
Da at position 1 or 2. For Michael-type addition, the nucleophilic amine, 
generally attacks position 4 or 6 on the o-quinone by 1,6-addition, and 
position 3 by 1,4-addition, both leading to a mass loss of 2 Da.9 For Schiff-
base reactions, the substitution usually takes places at positions 1 or 2, 
resulting in a mass loss of 16 Da. Therefore, the mass of the prominent 
peaks m in the chromatogram should be related to the mass of (oxidized) 
4MC (m4MC) and PA (mPA) by the following equation: 
 
in which n1, n2, n3, n4 are integers. Based on this equation and the mass we 
obtained from mass spectroscopy, we can postulate the structures 
corresponding to the peaks.    
 
Scheme 3.3. Chemical structure of 4MC with numbers indicating the 
position of C atoms on the aromatic ring. 
In total, we have identified around 20 m/z values for all these peaks. Here 
we will elaborate on a few examples for the major peaks at different 
retention times. As shown in Fig. 3.8, the peak at retention time of 10.28 
min showed a strong signal in the mass spectrum (Fig. 3.8(c)) at m/z = 
180.10. This value matches the structure of 4-n-propylamino-5-methyl-1,2-
benzoquinone (PMB) (Fig. 3.8(e)). To further verify the structure of the 
compound, we attempted to isolate PMB by collecting the fraction with 
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retention time 10.28 min from HPLC elution. However, after freezing and 
lyophilization of the collected fractions, the HPLC chromatogram of the 
sample showed a different retention time. Moreover, the 1H NMR spectrum 
of the fraction did not match the structure, indicating that the compound had 
degraded. The degradation might be due to two possible reasons. Firstly, 
during lyophilization, formic acid became more concentrated with time, 
leading to higher acidity, which may have hydrolyzed PMB. Secondly, 
PMB may have further reacted to form higher molecular weight products 
due to its high reactivity. If the first reason is the most important, it might 
be possible to obtain pure PMB via a different route for NMR structural 
analysis. For this reason, we tried to synthesize PMB directly from the 
reaction of 5-methyl-1, 2-benzoquinone and PA in acetic acid, which was 
modified from a reported protocol.19 Although we kept the pH of the 
reaction medium slightly acidic to prevent PMB hydrolysis, this strategy 
proved to be unsuccessful. The product is unstable and dark brown 
precipitates were observed when the product was concentrated in organic 
solvent (e.g. hexane, diethyl ether) during purification. The instability has 
been reported for a similar compound, 4-n-butylamino-5-methyl-1,2-
benzoquinone.20 Additionally, the UV-VIS spectra of eluted PMB showed 
distinct peaks at 294, and 504 nm, which matched the UV-VIS spectra of 
the amine-catechol adduct reported in literature.19,20 Nevertheless, one 
might argue that we did not observe these two distinct peaks in Fig. 3.6. We 
ascribed this to the fact that Fig. 3.6 presents collective spectra of so many 
products/intermediates in the reaction mixture, that peaks of individual 
species are obscured.  
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Figure 3.8. a) LC-UV chromatograms (monitored at 254 nm) of the reaction 
mixture of 4MC, PA, and NaIO4 over time. The ratio of 4MC, PA and 
NaIO4 is 1:3:0.5. b) Extracted ion chromatogram (positive ion mode) 
corresponding to PMB (m/z
 = 179.5-180.5) c) ESI-MS spectra [m/z 50-
2000] summed over the 10.00-10.53 min retention time window; d) 
Extracted UV spectra corresponding to the 10.00-10.53 min retention time e) 
Proposed representative chemical structure of product. 
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Fig. 3.9 shows the complete structural details of the possible product at 
retention time 11.07 min. As shown in Fig. 3.9(b), the mass m/z = 440.31 
was detected at more than one retention time, e.g., 10.00, 11.00, 19.33 min, 
indicating that multiple products/isomers with m/z of 440.31 were formed. 
The products from Fig. 3.9(e) were formed via a combination of Michael-
type addition and Schiff base reaction. The UV-VIS data exhibited two 
maxima in absorbance around  = 265 and 384 nm.  
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Figure 3.9. a) LC-UV chromatograms (monitored at 254 nm) of the reaction 
mixture of 4MC, PA, and NaIO4 over time. The ratio of 4MC, PA and 
NaIO4 is 1:3:0.5. b) Extracted ion chromatogram (positive ion mode) 
corresponding to product
 
with m/z = 439.5-440.5 c) ESI-MS spectra [m/z 
50-2000] summed over the 11.00-11.10 min retention time window; d) 
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Extracted UV spectra corresponding to the 11.00-11.10 min retention time e) 
Proposed representative chemical structure of product. 
Similarly, for all the major peaks in the chromatogram, we have identified 
the mass spectra, UV-VIS spectra and the existence of possible isomers. 
From this, we construct a list of hypothetical structures for these products. 
All the details are listed in Fig. 3.10, 3.11, and 3.12. Finally, we scanned 
over the whole HPLC chromatogram, and identified around 60 products in 
addition to the major peaks (Table 3.1 and Fig. 3.13), which are associated 
with small peaks in the HPLC chromatogram. The intensity of each peak is 
an indication of the relative amount of the product. Therefore, these 
products, as listed in Table 1, were formed in a limited amount.   
Proposed reaction mechanisms of 4MC and PA 
Using the assignments from LC-MS, we found that the reaction between 
4MC and PA under the current reaction conditions is very fast and many 
products are formed. Within 5 min, more than 60 products covering the 
mass range from 179 to 704 were identified. These products are categorized 
into 19 groups based on their mass (Table 3.1 and Fig. 3.13). It is clear that 
for each of the products, more than one isomer was formed, which indicates 
the complexity of the mechanism. The proposed structures in Fig. 3.14 
reveal that the majority of the products were formed via aroxyl phenol 
coupling and Michael-type addition. Only a very small portion was formed 
by Schiff base reaction.  
Using HPLC, we investigated the time dependence of the reaction between 
4MC and PA (Fig. 3.7). As time progressed, most of the multiple HPLC 
peaks that had appeared after 5 min decreased with time, except for two 
peaks that eluted at retention times of 3.1 and 7.0 min. The intensity of 
these two peaks increased over 24 h, indicating net formation of these two 
Chapter 3 
105 
products. From the identification of MS, these two products showed signals 
at m/z of 578 (retention time 3.1 min) and 230 (7.0 min), respectively. The 
mass of m/z = 578 corresponds to compound 15 shown in Fig. 3.14, while 
the structure corresponding to m/z = 230 remains unidentified. Finally, from 
the observation that the increasing trend of the two peaks at 3.1 and 7.0 min 
coincides with a decreasing trend of all other major peaks, we infer a 
hypothetical pathway of the reaction between 4MC and PA. Upon mixing 
4MC with PA in the presence of NaIO4, 4MC was first quickly oxidized to 
o-quinone. The highly reactive o-quinone either formed crosslinks with 
catechol, or reacted with nucleophilic amines in PA to form low molecular 
weight adducts. For instance, PMB was formed after 5 min of reaction, and 
due to its instability, it disappeared already after one hour of reaction. The 
low molecular weight intermediates react further with o-quinone or PA or 
other intermediates to form higher molecular weight products. In the course 
of time, the coupling of these products resulted in low concentrations of less 
soluble polymeric structures.  
To verify this hypothesis, we performed dynamic light scattering to 
elucidate more details of this mechanism. Fig. 3.14 shows the scattered 
intensity of the reaction mixture as a function of time. Generally, larger 
aggregates scatter more light than small ones. From Fig. 3.14, it is clear that 
the intensity initially increased significantly, reaching a maximum around 
24 h. This increase in intensity suggests the formation of large particles 
when the reaction proceeds. These large particles, in turn, might be due to 
the formation of high molecular weight poorly soluble adducts from the 
reaction of 4MC and PA. The formation of large particles is also verified by 
the diffusion coefficient of the reaction mixture over time, as shown in Fig. 
3.15 (a) and (b). As the reaction progressed, the diffusion coefficient 
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gradually shifted to lower values, indicating the formation of larger 
particles. After 16 h, two populations of particles with very different sizes, 
as indicated by the different diffusion coefficients, were formed. The new 
population of slowly diffusing particles arises most likely as a result of 
physical aggregation of the least soluble reaction products. This verifies our 
hypothesis that the low molecular weight intermediates gradually 
transformed into high molecular weight products. After 24 h, there is a 
decrease in intensity as shown in Fig. 3.14. This is likely due to 
sedimentation of the large particles.  
 
Figure 3.10. a) LC-UV chromatograms (monitored at 254 nm) of the 
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reaction mixture of 4MC, PA, and NaIO4 over time. The ratio of 4MC, PA 
and NaIO4 is 1:3:0.5. b) Extracted ion chromatogram (positive ion mode) 
corresponding to m/z =
 
337.5-338.5 c) ESI-MS spectra [m/z 50-2000] 
summed over the 5.93-6.15 min retention time window; d) Extracted UV 
spectra corresponding to the 5.93-6.15 min retention time e) Proposed 
representative chemical structure of product. 
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Figure 3.11 a) LC-UV chromatograms (monitored at 254 nm) of the 
reaction mixture of 4MC, PA, and NaIO4 over time. The ratio of 4MC, PA 
and NaIO4 is 1:3:0.5. b) Extracted ion chromatogram (positive ion mode) 
 Reaction pathways in catechol/primary amine mixtures 
 
108 
corresponding to m/z =
 
425.5-426.5 c) ESI-MS spectra [m/z 50-2000] 
summed over the 8.6-8.91 min retention time window; d) Extracted UV 
spectra corresponding to the 8.6-8.91 min retention time e) Proposed 
representative chemical structure of product. 
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Figure 3.12. a) LC-UV chromatograms (monitored at 254 nm) of the 
reaction mixture of 4MC, PA, and NaIO4 over time. The ratio of 4MC, PA 
and NaIO4 is 1:3:0.5. b) Extracted ion chromatogram (positive ion mode) 
corresponding to m/z = 423.5-424.5 c) ESI-MS spectra [m/z 50-2000] 
summed over the 8.70-9.20 min d) Extracted UV spectra corresponding to 
the 8.70-9.20 min retention time e) Proposed representative chemical 
structure of product. 
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Table 3.1.Identification of peaks in LC-MS, based on MS and UV-VIS data 
Entry 
Retention time 
(min) M/Z Ion type UV(λmax) 
Product 
number 
1 17.86 180 [M+H]+ 236,272,355 1 
2 13.19 261 [M+Na]+ 235,281 2 
3 15.06 261 [M+Na]+ 235,265(329) 2 
4 14.62 302 [M+H]+ 235,285 3 
5 18.61 302 [M+H]+ 236,330,441 3 
6 9.57 304 [M+H]+ 234    4 
7 10.41 304 [M+H]+ 234,276 4 
8 10.56 304 [M+H]+ 234,264 4 
9 14.73 304 [M+H]+ 235,281 4 
10 17.82 304 [M+H]+ 236,267,353 4 
11 6.31 322 [M+K]+ 234 5 
12 7.24 322 [M+K]+ 234,338 5 
13 9.52 322 [M+K]+ 234 5 
14 9.69 322 [M+K]+ 234,278,309 5 
15 10.27 359 [M+H]+ 235,294,504 6 
16 22.68 359 [M+H]+ 236 6 
17 8.97 424 [M+H]+ 235,324 7 
18 15.36 424 [M+H]+ 235,264,355,384 7 
19 8.66 426 [M+H]+ 235 8 
20 9.06 426 [M+H]+ 234 8 
21 12.38 426 [M+H]+ 235 8 
22 10.04 440 [M+K]+ 234 9 
23 17.98 440 [M+K]+ 236,283,347 9 
24 19.33 440 [M+K]+ 236,281,382 9 
25 20.22 440 [M+K]+ 236 9 
26 9.23 444 [M+Na]+ 234 10 
27 9.89 444 [M+Na]+ 234 10 
28 13.76 444 [M+Na]+ 235 10 
29 14.39 444 [M+Na]+ 235 10 
30 6.86 458 [M+K]+ 234,276 11 
31 10.04 458 [M+K]+ 234 11 
32 16.43 458 [M+K]+ 235(354) 11 
33 17.55 458 [M+K]+ 236(346) 11 
34 13.71 548 [M+H]+ 235 12 
35 18.61 548 [M+H]+ 236,333,441 12 
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36 19.89 548 [M+H]+ 236,346 12 
37 20.81 548 [M+H]+ 236,350 12 
38 12.3 564 [M+Na]+ 235 13 
39 17.84 564 [M+Na]+ 236,268,355 13 
40 19.1 564 [M+Na]+ 236,346 13 
41 19.44 564 [M+Na]+ 236,281,399 13 
42 11.09 566 [M+Na]+ 233,265,384 14 
43 17.82 566 [M+Na]+ 236,267,353 14 
44 17.65 578 [M+K]+ 236 15 
45 17.97 578 [M+K]+ 236,347 15 
46 19.48 578 [M+K]+ 236,283,396 15 
47 19.56 578 [M+K]+ 236,349 15 
48 14.28 605 [M+H]+ 235 16 
49 14.53 605 [M+H]+ 235 16 
50 16.17 605 [M+H]+ 235(352) 16 
51 17.93 670 [M+H]+ 236,352 17 
52 19.01 670 [M+H]+ 236,346 17 
53 20.35 670 [M+H]+ 236(346) 17 
54 16.5 702 [M+K]+ 235(352) 18 
55 16.96 702 [M+K]+ 236(346) 18 
56 18.36 702 [M+K]+ 236(354) 18 
57 10.95 704 [M+K]+ 234,264 19 
58 11.48 704 [M+K]+ 235,276 19 
59 17.07 704 [M+K]+ 236(346) 19 
60 16.96 704 [M+K]+ 236(346) 19 
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Figure 3.13. An overview of the proposed structures of the products. The 
number under each structure corresponds to the number in Table 1. 
 
Figure 3.14. DLS measurement of the reaction system as a function of time: 
Intensity as a function of time, b) the diffusion coefficient as a function of 
time within 4h, c) the diffusion coefficient as a function of time within 24h. 
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Figure 3.15. DLS measurements of the reaction system as a function of 
time: a) the diffusion coefficient as a function of time within 4h; b) the 
diffusion coefficient as a function of time within 24h. 
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Conclusions 
In this study, we have investigated the crosslinking chemistry of catechol 
and primary amine using model compounds 4MC and PA by spectroscopic 
and chromatographic methods. We carried out the reaction of 4MC and PA 
at 20 C in the presence of NaIO4 at high pH using 10 mM Na2CO3 aqueous 
solution. By separating and identifying the products using HPLC-MS, we 
found that the crosslinking chemistry of catechol and amine is both fast and 
complicated. Within five minutes, more than 60 products were formed. 
These products encompass 19 masses ranging from 179 to 704. The 
majority of these products are formed via aryloxyl phenol coupling and 
Michael-type addition; a small fraction are formed via Schiff base reactions.  
Given the complexity of the system, a systematic investigation of relevant 
parameters, such as pH, the amount of NaIO4 and temperature would 
require a large effort beyond our resources. Nevertheless, the results 
presented here highlight major reaction pathways and can hopefully be used 
to design better crosslinking strategies and material properties. By 
regulating these parameters, we may control the rate of reaction and follow 
the kinetics. But the analysis will take a lot of efforts. 
 
References 
 
 (1) Miserez, A.; Schneberk, T.; Sun, C.; Zok, F. W.; Waite, J. H. 
Science 2008, 319, 1816. 
 (2) Yu, J.; Wei, W.; Danner, E.; Ashley, R. K.; Israelachvili, J. N.; 
Waite, J. H. Nat. Chem. Biol. 2011, 7, 588. 
 (3) Floriolli, R. Y.; Langen, J.; Waite, J. H. J. Mar. Biotechnol. 2000, 
2, 352. 
Chapter 3 
115 
 (4) Yang, J.; Cohen Stuart, M. A.; Kamperman, M. Chem. Soc. Rev. 
2014, 43, 8271. 
 (5) Zhao, H.; Waite, J. H. Biochemistry 2005, 44, 15915. 
 (6) Kramer, K. J.; Kanost, M. R.; Hopkins, T. L.; Jiang, H. B.; Zhu, 
Y. C.; Xu, R. D.; Kerwin, J. L.; Turecek, F. Tetrahedron 2001, 57, 385. 
 (7) Land, E. J.; Ramsden, C. A.; Riley, P. A. Accounts of Chemical 
Research 2003, 36, 300. 
 (8) Holl, S. M.; Hansen, D.; Waite, J. H.; Schaefer, J. Arch. Biochem. 
Biophys. 1993, 302, 255. 
 (9) Burzio, L. A.; Waite, J. H. Biochemistry 2000, 39, 11147. 
 (10) Miserez, A.; Rubin, D.; Waite, J. H. Journal of Biological 
Chemistry 2010, 285, 38115. 
 (11) Lee, B. P.; Dalsin, J. L.; Messersmith, P. B. Biomacromolecules 
2002, 3, 1038. 
 (12) Yu, M.; Deming, T. J. Macromolecules 1998, 31, 4739. 
 (13) Wu, J. J.; Zhang, L.; Wang, Y. X.; Long, Y. H.; Gao, H.; Zhang, 
X. L.; Zhao, N.; Cai, Y. L.; Xu, J. Langmuir 2011, 27, 13684. 
 (14) Liu, B.; Burdine, L.; Kodadek, T. J. Am. Chem. Soc. 2006, 128, 
15228. 
 (15) Faure, E.; Falentin-Daudré, C.; Lanero, T. S.; Vreuls, C.; Zocchi, 
G.; Van De Weerdt, C.; Martial, J.; Jérôme, C.; Duwez, A.-S.; Detrembleur, C. 
Advanced Functional Materials 2012, 22, 5271. 
 (16) Haemers, S.; Koper, G. J. M.; Frens, G. Biomacromolecules 2003, 
4, 632. 
 (17) Smith, A. M.; Callow, J. A. Biological adhesives; Springer Berlin 
Heidelberg, 2006. 
 (18) Wang, S. X.; Mure, M.; Medzihradsky, K. F.; Burlingame, A. L.; 
Brown, D. E.; Dooley, D. M.; Smith, A. J.; Kagan, H. K.; Klinman, J. P. Science 
1996, 273, 1078. 
 Reaction pathways in catechol/primary amine mixtures 
 
116 
 (19) Akagawa, M.; Suyama, K. Biochem. Biophys. Res. Commun. 
2001, 281, 193. 
 (20) Mure, M.; Wang, S. X.; Klinman, J. P. J. Am. Chem. Soc. 2003, 
125, 6113. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 4 
 pH-induced self-crosslinking of mussel-
inspired polymer coatings 
 
Abstract 
 
In this chapter, we aim at developing a catecholamine polymer for water-borne coating 
applications. For this application, an aqueous solution of this polymer should be stable as 
homogeneous liquid, readily applied on a surface, and should solidify to form a water-
insoluble coating during drying and curing. To achieve this aim, we synthesized a 
copolymer using free radical polymerization of borax-protected dopamine acrylamide 
(DAA-p) and 2-aminoethyl methacrylamide hydrochloride (AEMA) in aqueous media. The 
polymer is pH-responsive. At low pH (pH 2), the polymer is water-soluble. At high pH (pH 
11.5), by triggering the crosslinking reaction of catechols and amines in the polymer, we 
successfully fabricated a crosslinked, and water-insoluble film. The homogeneity of the 
resulting network is affected by the polymer sequence distribution. Therefore, we studied 
the sequence distribution by determining at the reactivity ratios of the monomers DAA-p 
and AEMA, using an in-situ 1H NMR monitoring method. The reactivity ratios of DAA-p 
and AEMA are 0 and 0.46, respectively, indicating that our polymer has a moderately 
alternating structure, in which, I concluded that DAA-p pairs cannot occur, and sequence 
of AEMA are not when DAA-p/AEMA is not too low. 
 
 
 
 
 
This chapter is based on: Juan Yang, Inge Bos, Anthonie Stuiver, Wim J. Pranger, Aldrik 
Velders, Martien A.Cohen Stuart, Marleen Kamperman, Journal of Materials Chemistry A, 
submitted, (2015) 
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Introduction 
Natural organisms often use coatings to protect themselves against 
corrosive factors in the environment, e.g. mechanical impact, moisture, and 
temperature. Examples include mussel byssal threads1, squid beak2,3, and 
protective cuticles on plants4. The production of the protective coating, 
generally, involves two steps: i) secretion of fluidic and pliable proteins, 
and ii) fast curing to form hard and tough solids1. For instance, mussels 
produce viscous liquid mussel foot proteins (mfps) at pH < 5 inside 
granules. Upon being secreted into the seawater, at pH 8, the mfps solidify 
in a few minutes to form very tough and hard cuticle5. The formed cuticle 
(~ 5 m in thickness)6 coats the exposed byssus surfaces, and protects the 
byssus against microbial attack and rough sea waves7-9. A similar 
hydrophobic coating has been observed in squid beak, i.e. Dosidicus beak. 
The beak is composed of chitin fibers, proteins and polyphenolic 
compounds. The polyphenolic compounds form a dense crosslinked 
network, providing an efficient hydrophobic coating around the soft and 
hydrophilic chitin nanofibers, preventing the chitin from softening by water 
adsorption. 2 
For mussels, the fast cuticle curing can occur due to the efficient, versatile 
and complicated crosslinking chemistry of mfps10. As reported by Waite, et 
al., significant amounts of catecholic amino acid 3,4-
dihydroxyphenylalanine (DOPA) are present in mfps11. The o-
dihydroxylphenyl/catechol moiety in DOPA forms crosslinks in a variety of 
pathways. Briefly, catechols are easily oxidized to form reactive o-
quinones. The o-quinones can then either react with catechols via 
dismutation reaction, or with amines via Michael type addition or Schiff 
base reaction, or with thiols via Michael addition to form crosslinks10. In 
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addition, catechols can interact with transition metals by forming strong 
coordination bonds to give catechol-metal complexes12. The crosslinking of 
mfps happens in response to the change in environment, i.e., the higher pH 
in seawater, and the exposure to oxygen. 
Inspired by the fascinating properties of natural coatings, and the versatile 
chemistry of catechols, much effort has been devoted to fabricating thin 
catechol-functionalized films for various applied fields such as biomedical 
engineering and antimicrobial coatings13-15. Catechols are particularly 
interesting because they strongly bind to various types of substrates. A 
common fabrication method is layer-by-layer (LBL) assembly, i.e. 
alternative deposition of catechol-containing polymer and amine-containing 
polymer on substrates. The reaction between catechol and amine is 
employed as a tool to ensure the stability of the multilayer films. 
Detrembleur and co-workers have published several very interesting articles 
on LBL.16-18 For instance, they prepared films by alternatively depositing, 
from aqueous solution, oxidized catechol-containing polymer pox(DOPA) 
and amine-containing polymer poly(allylamine) (PAH). The reaction 
between the quinones in pox(DOPA) and primary amines in PAH yielded 
films with long-term durability. The films can further be modified to target 
different applications. By doping with silver nanoparticles, the films were 
used as antibacterial coatings. The films can also be grafted with enzymes 
(e.g. DispersinB) or poly(ethylene glycol) to have anti-biofilm and anti-
adhesion properties, respectively.16 Xu et al. have also reported similar LBL 
work. They prepared multilayered films by alternatively immersing a 
substrate in an aqueous solution of poly(acrylic acid-dopamine) (PAA-
dopamine) and PAH. By immersing the final film into an aqueous solution 
of 1 mM NaIO4, crosslinking was triggered. The crosslinked films showed 
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high stability under extreme conditions, e.g. extreme pH and high ionic 
strength. 19 
Besides LBL assembly that involves multiple-step deposition, a one-pot 
deposition strategy of aqueous solutions containing catecholamine-
containing polymers on various substrates has also been developed. For 
instance, Messersmith et al. prepared films by immersing various substrates 
(e.g. Au, Pt, PS, PMMA) into an aqueous solution of copolymer p(N-(3,4-
dihydroxyphenethyl) methacrylamide-co-aminoethylmethacrylamide) 
(catechol content 10.6 wt%) at pH 8.3 for 24 h. The films were further used 
for DNA immobilization.20  
In this study, we aimed at reproducing the working mechanism of mussels 
by developing a catecholamine polymer for water-borne paint applications. 
The current solvent-based alkyl-paints are still considered superior in terms 
of rheology, but harmful for the environment since organic solvents are 
used. Our catecholamine polymer, in contrast, is water soluble, and should 
be a promising alternative having similar rheological characteristics as 
classical solvent-based paints. Therefore, the requirements the polymer 
should fulfill were 1) being able to self-crosslink in response to an external 
trigger such as pH; 2) being water-soluble at acidic pH; 3) being water-
insoluble at basic pH. We synthesized a co-polymer by free radical 
polymerization of borax-protected dopamine acrylamide (DAA-p) and 2-
aminoethylmethacrylamide hydrochloride (AEMA). The monomer 
reactivity of DAA-p and AEMA was investigated by in-situ 
1
H NMR 
measurements. At low pH, the polymer is soluble in water and forms a 
stable solution. Polymer films were prepared by increasing the pH and 
casting the polymer solutions on substrates. The increase in pH triggers 
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crosslinking reactions, which resulted in crosslinked, water-insoluble films. 
The chemistry and morphologies of the films were investigated by UV-VIS, 
and AFM measurements.  
Materials and Experiments 
Materials: All reagents were used as received unless mentioned otherwise. 
Dopamine hydrochloride, methacrylic anhydride (94%), 2-methoxyethyl 
acrylate (98%), basic alumina, deuterochloroform (99.96%), 
tetrahydrofuran (98.5%), ethyl acetate (99%), dimethylformamide (99.8%), 
2,2’-Azobis(2-methylpropionitrile) (98%), 2,2'-Azobis(2-
methylpropionamidine)dihydrochloride (95%), dichloromethane (98.5%), 
methanol (98.5%), 3,4-dimethoxyphenethyl amine (97%) and triethylamine 
(>99.5%), acryloyl chloride (97%) were purchased from Sigma-Aldrich. 
Sodium hydroxide solution (1 M) and anhydrous magnesium sulfate 
(MgSO4, 97%) were purchased from Merck. Hydrochloride solution (1 M) 
was purchased from Fluka. Hexane (p.a.) and diethyl ether (p.a.) were 
purchased from Biosolve. Sodium tetraborate decahydrate (p.a.) and sodium 
bicarbonate were purchased from J.T.Baker. 2-Aminoethyl methacrylamide 
hydrochloride was purchased from Polysciences. 
 
Experiments 
Dopamine acrylamide (DAA) monomer synthesis 
Dopamine acrylamide (DAA) was synthesized by reaction of dopamine 
hydrochloride and acryloyl chloride in a mixture of tetrahydrofuran (THF) 
and Milli-Q water, see Scheme 4.1. 20 g of sodium tetraborate decahydrate 
and 8 g of sodium bicarbonate were added to 200 ml Milli-Q water. The 
aqueous solution was bubbled with N2 for 20 min, followed by addition of 
10 g of dopamine hydrochloride. Next, 8.6 ml of acryloyl chloride in 50 ml 
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of THF was added dropwise. The pH of the solution was adjusted to above 
8 by adding drops of 1 M NaOH solution. The reaction mixture was stirred 
overnight (around 14 h) under continuous N2 bubbling at room temperature. 
After the reaction, a slightly pinkish slurry was formed with a white solid 
present at the bottom of the flask. The reaction mixture was filtered by 
vacuum filtration and the clear, slightly pinkish solution was washed twice 
with 100 ml ethyl acetate. The obtained aqueous solution was acidified by 1 
M HCl to a pH of around 2, followed by extraction with 100 ml ethyl 
acetate repeated three times. The brownish organic solution obtained from 
extraction was collected and dried over MgSO4. Afterwards, the volume of 
the solution was reduced to around 50 ml by rotary evaporation and 
precipitated into 500 ml hexane. The formed suspension was stored at 4 °C 
overnight to aid crystallization. After 14 h, the resulting brownish solids 
were collected, dissolved in 100 ml ethyl acetate and precipitated in 1000 
ml hexane. The final solid obtained by filtration of the suspension was dried 
in a vacuum oven overnight at room temperature and the yield was 54%. 
 
Scheme 4.1. The synthesis pathway of DAA  
 
DAA Protection (DAA-p) 
The protection of DAA was carried out by adding 3 g DAA dissolved in a 
mixture of ethanol/H2O (10 ml ethanol and 20 ml Milli-Q water) to 289.5 
ml of degassed aqueous solution of sodium tetraborate decahydrate 
(Scheme 4.2) (11.0420 g, 2 molar equivalents compared to catechol 
moieties). The reaction mixture was kept under nitrogen for one hour under 
Chapter 4 
123 
continuous stirring. After that, the product was lyophilized and used without 
any further purification.  
 
Scheme 4.2. The synthesis of protected DAA (DAA-p) from DAA and 
sodium tetraborate decahydrate solutions 
Polymer synthesis 
Co-polymerization of DAA-p and 2-aminoethyl methacrylamide 
hydrochloride (AEMA) was carried out by free radical polymerization at 65 
°C for 10 hours, see Scheme 4.3. DAA-p (0.74 g), and AEMA (2.3 g, DAA-
p/AEMA=8:92 mol/mol) were added to 14.06 ml Milli-Q water in a 50 ml 
three-neck round bottom flask. The reaction mixture was heated up to 65 
°C, and after that, AIBN (0.02493 g, 0.152 mmol) in 1.7 ml DMF was 
added. It is important to note that at room temperature, DAA-p was not 
fully dissolved. The solubility of DAA-p increased significantly when the 
temperature reached 55 °C. After the reaction had been kept under nitrogen 
overnight under continuous stirring, the reaction mixture was allowed to 
cool down. Then 1M HCl was added to acidify the mixture to pH 1. The 
mixture was transferred to a dialysis membrane (MWCO = 1000 Da) and 
dialysed against acidic Milli-Q (0.001 M HCl) for two days. The product 
was lyophilized and stored at 4 °C until further use. The yield was 58%. 
 
Scheme 4.3. Polymer synthesis by free radical polymerization of DAA-p 
and AEMA  
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Polymerization kinetics studied by 1H NMR  
The reactivity ratio of DAA-p and AEMA was determined by in-situ 1H 
NMR, as described by Aguilar et al.21 The experiments were carried out in a 
500 Avance I NMR spectrometer, operating at 500.137 MHz, equipped 
with a 5 mm TXI probe. To perform quantitative experiments, the following 
measurement conditions were used: A pulse sequence of 9 μs equivalent to 
a 90 tip angle and a 53s delay time were applied to allow the total 
relaxation of the protons and to process the individual data. The spinning 
rate of the sample was set to 9 Hz during shimming, and for each datum 
only one acquisition (FID) was used to ensure that the measurement 
corresponds to instantaneous composition and not to an average. The 
measurement was carried out at 56 C. A solution of DAA-p and AEMA 
(total monomer concentration is 5 wt%) in 10 mM Na2CO3 in D2O (0.75 
ml) was added in a screw-capped thin NMR tube under argon. Three sets of 
experiments were performed, and the feed molar fractions of DAA-p were 
6, 10 and 15 mol%, respectively. Dioxane (10 μl) was added to be used as a 
reference. V50 (1.19 mg, 4.39 mol) was used as the initiator.  
 
Scheme 4.4. Chemical structure of the comonomers used in the 
copolymerization including the nomenclature of the vinyl protons 
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The signals were integrated using the software Mestrenova 10.0.2. The 
concentrations of unreacted DAA-p and AEMA were determined as 
follows. [ܦ�� − �] = ܦଵ + ܦଶ + ܦଷ͵�  [�ܧ��] = �ଵ + �ଶʹ�  
where D1, D2 and D3 correspond to the protons assigned to the vinyl group 
of DAA-p, and A1 and A2 are the protons of the vinyl group of AEMA, as 
shown in Fig. 4.1. R is the reference peak of dioxane, since dioxane is not 
expected to react, and therefore the peak should stay constant. These values 
were normalized to the initial feed monomer concentration [DAA-p]0 and 
[AEMA]0. 
Static light scattering (SLS) 
SLS was used to determine the molar mass of the copolymer. The 
measurements were carried out at 20 °C with an ALV light scattering setup 
using an ALV5000/60X0 External Correlator with a Cobolt Samba-300 
DPSS Laser operating at 100mW at a wavelength of 660 nm and an ALV / 
HIGH QE APD Single Photon Detector. Copolymer solutions in 1 mM HCl 
aqueous solution with a concentration of 0.26 g/l were measured at different 
angles. The angle was varied using an ALV-125 goniometer with increasing 
steps of 5° between 20° and 120°. The molecular weight of the copolymers 
was deduced from a Zimm analysis of the collected data. 
1H NMR spectroscopy 
1H NMR of the polymers was performed in 0.1 M DCl/D2O on a Bruker 
AMX-400 spectrometer (400 MHz) at 298 K.  
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Polymer film preparation 
For AFM, UV-vis measurements, optical microscopy and contact angle 
measurements, polymer films were prepared using a casting method. For 
AFM measurements, glass cover slips, 18 mm long x 18 mm wide, were 
used as substrates for the polymer films. A 10 mg/ml polymer solution was 
prepared using 0.001 M HCl (aq) as the solvent. Four polymer films were 
prepared under the following conditions: a) low pH; b) high pH, by adding 
1M NaOH; c) high pH, in the presence of a moderate amount of NaIO4 
(NaIO4/ catechol = 1/ 100); d) high pH, in the presence of a large amount of 
NaIO4 (NaIO4/ catechol = 1/ 10). A volume of 0.6 ml of the respective 
polymer solution was spread onto a pre-cleaned coverslip, and left to dry 
under well-ventilated conditions for more than 24 h. For UV-vis 
measurements, 4.5 cm long x 1.25 cm wide quartz slides were used as 
substrates. Polymer solutions were prepared in the same way as for the 
AFM measurements; 1.04 ml of polymer solution was spread onto the pre-
cleaned quartz slide, and left to dry under well-ventilated conditions for 
more than 24 h.   
UV-VIS spectroscopy 
UV-visible characterization was performed on a Shimadzu UV-2600 
spectrophotometer at wavelengths from 200 to 600 nm. For the calibration 
of the catechols, five solutions of dopamine hydrochloride in water with 
different concentrations (0.18 – 0.25M) were prepared. The spectra of the 
samples were measured (wavelength scan) in a quartz curvet. The 
absorbance intensity at  = 280 nm for the samples was used to calculate 
the extinction coefficient .  
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Atomic force microscopy 
The roughness of the polymer films was analyzed using a Digital 
Instruments NanoScope V equipped with a silicon nitride probe (Veeco, 
NY, U.S.A.) with a spring constant of 0.4 N/m in ScanAsystTM imaging 
mode. Images were recorded between 1.5 Hz and 1024 samples/line. 
Images were further processed with Nanoscope Analysis 1.20 software 
(Veeco Instruments Inc. 2010, U.S.A.). A first order flattening was used for 
all the images.  
Contact angle measurements 
The wettability of the polymer films was measured by automated static 
water contact angle measurements with a Kr̈ss DSA 100 goniometer. The 
volume of the drop of deionized water was 3.0 μL. The reported values are 
the average of at least two droplets, and the relative error is less than ±3. 
FTIR 
A 10 mg/ml polymer solution was prepared using 0.001 M HCl (aq) as the 
solvent. Subsequently, four polymer samples were prepared under the 
following conditions: a) low pH; b) high pH, by adding 1M NaOH; c) high 
pH, in the presence of a moderate amount of NaIO4 (NaIO4/ catechol = 1/ 
100); d) high pH, in the presence of a large amount of NaIO4 (NaIO4/ 
catechol = 1/ 10). The four polymer solutions were allowed to react for 24 h 
and lyophilized thereafter. The ATR-FTIR measurements were carried out 
using a Bruker Tensor 27 FTIR spectrometer.  
Optical microscopy 
Cross-sections of the polymer films on the glass substrates were imaged 
using an Olympus BX 60. Images were obtained using a 40x magnification. 
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Results and discussion 
Polymer synthesis 
In this work, we developed a catecholamine co-polymer by free radical 
copolymerization in aqueous conditions of two vinyl comonomers, one 
containing borax protected catechol (DAA-p) and the other amines 
(AEMA). An essential step is the protection of the catechols before 
polymerization. As reported in our previous work, using vinyl monomers 
containing unprotected catechols would result in the formation of a 
crosslinked polymer22. The reason is the radical scavenging effect of 
catechols. More specifically, during radical polymerization, the catechols in 
one polymer chain can react with propagating radicals in another polymer 
chain.  Therefore, to synthesize a linear catechol-containing polymer by 
radical polymerization, the catechols should be protected. Different 
protection methods are possible, dependent on the specific requirement of 
the system. In our case, we have tried two methods, namely methoxy-
protection and borax-protection. For the methoxy-protection, i.e., protecting 
the catechols with methyl groups, we have successfully synthesized the 
protected polymers (Fig 4.1). Deprotection requires using BBr3 and strict 
control of temperature at -65 C. This deprotection strategy brings difficulty 
due to the following reasons. Firstly, the catechol deprotection by BBr3 
needs to be performed in the absence of water, since BBr3 reacts violently 
with water. However, our copolymer is only soluble in a mixture of water 
and organic solvent, thereby making the deprotection impossible. Secondly, 
the removal of methoxy groups requires strict control of reaction 
conditions, i.e. proper amount of BBr3, only organic solvent, and very low 
temperature. An addition of inappropriate amount of BBr3 may result in 
partial deprotection of catechols23. In view of these problems, we 
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considered borax protection as an alternative. In this work, we start from the 
synthesis of vinyl monomers containing borax-protected catechols DAA-p. 
The stability of the complexation of borax with catechol is dependent on 
pH.24 Generally, the pH has to be high (> 9) to ensure sufficient stability of 
the borax-catechol complex against dissociation or oxidation. In our 
synthesis, we keep the pH above 9 by using 10 mM sodium carbonate 
aqueous solution as the solvent. After 10 h of reaction, we deprotected the 
borax-catechol complex by lowering the pH to around 2 using a 1 M HCl 
aqueous solution. After dialysis, the polymeric product was obtained. To 
check the effectiveness of the deprotection procedure, the polymer and 
DAA-p aqueous solutions were investigated by UV-VIS (Fig. 4.2). DAA-p 
showed a peak at 286 nm, which was ascribed to the borax-catechol 
complex. For the polymer, in contrast, an absorbance peak at 280 nm was 
detected, which is typically ascribed to free catechols19. Therefore, the 
catechol groups in our polymer have been completely deprotected.  
 
Figure 4.1. 1H NMR spectra of poly(methyl-DAA-AEMA) in a mixture of 
MeOD/D2O, the cross symbol ‘x’ in the spectra indicates the protons that 
associated with MeOD 
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Figure 4.2. UV-vis spectra of DAA-p in Milli-Q water (red line) and 
P(DAA-co-AEMA) in 0.1 M HCl aqueous solution (black line) 
 
Polymer characterization 
1H NMR was used to characterize the copolymer, and the spectrum is 
shown in Fig. 4.3. By comparing the integration area of peaks at  = 7.2-6.6 
ppm that can be assigned to the three protons of the aromatic ring in DAA 
(positions a), and peaks at  = 3.75-2.8 ppm of the alkyl groups in both 
monomers (positions e, f, b, c), we calculated the DAA composition in the 
final polymer to be around 7.2 mol%. This result agrees well with that from 
UV-VIS, obtained as follows.  To calculate the DAA composition in the 
final polymer, we made a calibration curve based on dopamine 
hydrochloride. By preparing dopamine hydrochloride solutions with 
different concentrations in 1 M HCl aqueous solution, we obtained the 
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extinction coefficient of catechol as 4688 m2mol-1. By using the Lambert-
beer law, the catechol concentration was obtained, and the DAA 
composition in the final polymer was determined to be 8.2 mol%.  
The determination of the molecular weight was carried out by static light 
scattering. The copolymer has a weight-averaged molecular weight Mw of 
4912 kg/mol, corresponding to a weight-averaged degree of polymerization 
of about 29140.  
 
Figure 4.3. 1H NMR spectra of poly(DAA-AEMA) in 0.1 M DCl/D2O  
 
Monomer reactivity 
Generally, free radical polymerization is expected to generate random 
copolymers. This polymerization technique is favorable in our system, since 
a random copolymer would lead to an even distribution of crosslinks 
throughout the material. To check the randomness of the copolymer, we 
studied the reactivity ratios of the comonomers. The reactivity ratio r is a 
kinetic parameter that characterizes the monomer sequence distribution in a 
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copolymer. r1 is defined as the ratio of the rate constant for a reactive 
propagating radical M1 adding its own type of monomer M1 to the rate 
constant for addition of the other monomer M2. In our study, it was 
determined by in-situ 1H NMR. The co-monomer concentrations were 
monitored as a function of time. Fig. 4.4, 4.5 and 4.6 show representative 
spectra of the DAA-p/ AEMA solutions during polymerization at different 
reaction times. As shown in Fig. 4.5, the peaks ascribed to the vinyl groups 
of DAA-p ( = 6.52-6.36 ppm, and  = 6.02-5.96 ppm) and AEMA ( = 
5.8-5.75 ppm, and  = 6.06-6.02 ppm) decreased in time (marked in green). 
The aromatic peaks at  = 7.0-6.75 ppm (marked in blue) became broader 
with increasing time. Meanwhile, broad peaks that can be ascribed to the -
CH2- groups in the polymer main chain, e.g.,  = 1.4-1.1 ppm (marked in 
blue), increased. These changes in the spectra in time clearly indicate that 
the polymerization takes place rapidly at elevated temperatures. We studied 
three reactions having feed molar ratios of DAA-p of 6, 10 and 15 mol%, 
respectively. By integrating the peaks ascribed to the vinyl groups of DAA-
p and AEMA, as shown in Fig. 4.5, the monomer concentrations can be 
obtained as a function of time. From the variation of the monomer 
concentrations, the reactivity ratios of the comonomers can be obtained by 
fitting the experimental data to an integral form of the copolymer 
composition equation25:  �మ�మబ = ቀ�మబ�భ�భబ�మቁ�మ ሺଵ−�మሻ⁄ × ቀ ሺ�భ−ଵሻሺ�భ �మ⁄ ሻ−�మ+ଵሺ�భ−ଵሻሺ�భబ �మబ⁄ ሻ−�మ+ଵቁሺ�భ�మ−ଵሻ ሺሺଵ−�భሻሺଵ−�మሻሻ⁄         (1) 
where Mi is the instantaneous molar concentration of monomer i (which can 
be calculated by comparing the integration of the protons peaks of the vinyl 
groups in monomer i to that of dioxane), ri is the reactivity ratio of 
monomer i, and Mi0 is the initial molar concentration of monomer i.  
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Figure 
4.4. 1H NMR spectra of the copolymerization reaction DAA-p and AEMA 
with an initial feed molar ratio of DAA-p: AEMA = 15: 85 after reaction at 
56 C for 12 min. 
 
Figure 4.5. Representative 1H NMR spectra of the copolymerization 
reaction DAA-p and AEMA with an initial feed molar ratio of DAA-p: 
AEMA = 15: 85. The peaks marked with green boxes indicate the vinyl 
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protons of the monomers; red boxes show that the protons in the alkyl 
groups decrease with time, and blue boxes indicate peaks that broaden.  
 
 
Figure 4.6. Details of the vinyl region of representative spectra for the 
copolymerization reaction DAA-p and AEMA with an initial feed molar 
ratio of DAA-p: AEMA = 15: 85. 
 
The method takes any experimental point M2, M1/M2 as starting point for 
the rest of the reaction. More specifically, for each reaction, the first 5-10 
points were used as the initial M20, M10/M20 for the rest of the reaction. By 
using the least-squares optimization to fit each set of experimental data to 
eq (1), we obtained 5-10 reactivity ratios of rDAA-p and rAEMA. The obtained 
reactivity ratios that fit each set of experimental data are highly correlated21, 
and rDAA-p vs rAEMA followed a straight line (Fig. 4.7). And for each reaction, 
as shown in Fig. 4.7, we obtained one straight line. The point where the 
lines intersect gives the final values of reactivity ratios, i.e., 0 for rDAA-p and 
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0.46 for rAEMA. As all three lines intersect in one point, this indicates that a 
reliable reactivity ratio has been obtained. A value of 0 for the reactivity 
ratio of DAA-p indicates that the DAA-p propagating radicals cannot add a 
DAA-p monomer and therefore always add an AEMA monomer, while 
rAEMA = 0.46 indicates that, AEMA propagating radicals add to DAA-p is 
about half of the cases. 
 
 
Figure 4.7. rDAA-p vs rAEMA obtained from the method as described in the 
main text. 
 
Based on the obtained reactivity ratios, we calculated the copolymer 
composition as a function of comonomer composition according to the 
following equation25:  ܨଵ = �భ�భమ+�భ�మ�భ�భమ+ଶ�భ�మ+�మ�మమ                (2) 
where Fi is the mole fraction of Mi in the copolymer, and fi is the feed molar 
fraction of monomer i. By applying the ri we obtained above, we obtain the 
relation between FDAA-p and fDAA-p (Fig. 4.8). For our copolymer, the 
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reactivity ratios of both monomers are less than unity, and rDAA-prAEMA = 0, 
giving rise to an azeotropic copolymerization. The FDAA-p /fDAA-p plots cross 
the line representing FDAA-p = fDAA-p. At the crossover point or azeotropic 
point, i.e. fDAA-p = 0.35, the copolymerization occurs without change in the 
feed composition. For feed compositions near the azeotropic point, the 
copolymer composition distributions are narrow at low conversions. At high 
conversions, the copolymer composition drifts to either comonomer, 
depending on the initial feed, whether it contains more DAA-p or more 
AEMA. The copolymer composition distribution becomes wider when the 
initial feed composition deviates further from the azeotropic point. In our 
copolymer system, with an initial feed molar ratio of DAA-p: AEMA = 8: 
92 as shown in Fig. 4.9, at low conversion, it is expected to present a 
moderate alternating structure. At high conversion, when DAA-p has been 
largely consumed, more AEMA is incorporated into the copolymer chains.  
 
 
 
 
 
Chapter 4 
137 
 
Figure 4.8. Copolymer composition as a function of monomer feed fraction 
for poly(DAA-p-AEMA) system. The dashed diagonal line represents FDAA-
p = fDAA-p. The black arrow points to the azeotropic point. The dash dotted 
line indicates the feed composition for our copolymer with an initial DAA-p 
percentage of 8 mol%.  
 
Figure 4.9. Hypothesized monomer distribution scheme in the copolymer 
for P(DAA-co-AEMA). (Schematic) Solid circle, DAA-p; empty triangle, 
AEMA. 
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Polymer films  
We aimed at developing a linear, water-soluble polymer containing two 
types of functional groups, i.e., catechols and amines. By triggering the 
catechol crosslinking chemistry, this polymer should be able to change from 
water-soluble to water-insoluble. To verify the hypothesis, two polymer 
films were prepared on a pre-cleaned glass substrate, one at low pH (~ 2) 
and one at high pH (~ 11.5). The crosslinking of the polymer can be 
enhanced by adding the oxidizing agent sodium periodate (NaIO4). To 
study the effect of the degree of crosslinking on the solubility behavior, two 
extra polymer films were prepared by adding different amounts of NaIO4, 
i.e. 1 mol% and 10 mol% of catechol, respectively. The thickness of the 
four polymer films were measured by optical microscopy, and shown in 
Table 4.1. A representative sample is shown in Fig. 4.10. 
 
Table 4.1. Thickness of polymer films as determined by optical microscopy. 
The standard deviation of the thickness of each sample is based on three 
measurements at different locations in the same film. 
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Figure 4.10. Optical microscopy image of polymer film P(DAA-co-AEMA) 
prepared at high pH) on a pre-treated glass substrate. The thickness of the 
polymer layer was measured with optical microscopy (40 magnification). 
The wettability and swelling behavior of the four polymer films were 
studied by contact angle measurements, as shown in Fig. 4.11 and Table 
4.2. Upon depositing one water droplet, the uncrosslinked film, prepared at 
low pH, started to absorb water, and swelled in a few seconds as shown in 
Fig 4.11 (a). After some time, the water droplet was fully absorbed and the 
polymer film assumed an irregular shape. The quick swelling behavior 
clearly indicates that the polymer is still soluble in water. This behavior is 
corroborated by UV-vis measurements. As shown in Fig. 4.12, P(DAA-co-
AEMA) prepared at low pH exhibited a distinct peak at 280 nm, which is 
ascribed to unreacted catechol groups. A very broad and tiny peak at around 
350 nm also appeared, which might be due to slow oxidation during the 
evaporation of water during film formation. 
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Figure 4.11. Static water contact angles of the four polymer films: a) 
uncrosslinked polymer film, P(DAA-co-AEMA) prepared at low pH (~ 2), 
b) slightly crosslinked polymer film, P(DAA-co-AEMA) prepared at high 
pH (~ 11.5), c) moderately crosslinked polymer film, P(DAA-co-AEMA), 
pH 11.5, NaIO4/ catechol=1/100 (mol/mol), d) highly crosslinked polymer 
film, P(DAA-co-AEMA), pH=11.5, NaIO4/ catechol=1/10 
 
Table 4.2. Static water contact angle of four polymer films 
 
 
Increasing the pH before film casting, i.e., P(DAA-co-AEMA) prepared at 
pH 11.5, resulted in a polymer film that did not swell upon loading the film 
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with a water droplet, as shown in Fig. 4.11(b). The polymer film was stable 
in the presence of water during the measurement, and exhibited a stable 
contact angle of around 30. The different behavior between the low and 
high pH treatment can be interpreted as follows. Firstly, at high pH 11.5, 
when the pH is higher than the pKa of the amino group in AEMA (~ 9.6)26, 
AEMA is deprotonated, and free amines are formed. The o-quinones 
formed by oxidation from the catechols, can then react with the free amines 
by either a Schiff-base reaction or a Michael-type addition, or with 
catechols by dismutation reactions.10 We have shown in a separate study 
that the reaction between o-quinones and amine is predominant over the 
dismutation reaction with catechols. In the present study, we used UV-vis 
and FTIR measurements to corroborate this finding. As shown in Fig. 4.12, 
the peak at  = 280 nm shifted to a slightly higher wavelength,  = 288 nm. 
Meanwhile, a strong peak at  = 340 nm appeared. The peak at  = 340 nm 
has been ascribed to the formation of the reaction intermediate of catechol 
crosslinking.27 Furthermore, in the FTIR spectrum of the polymer as shown 
in Fig. 4.13, the polymer prepared at low pH showed peaks at 1163 cm-1 
ascribed to C-N stretch for aliphatic amines, and a broad peak above 3000 
cm-1 for phenolic O-H stretch. These two peaks both decreased significantly 
for the other three crosslinked samples, indicating that the OH (on the 
aromatic ring of catechols) and amines had reacted. Secondly, in our 
catecholamine polymer, at low pH, the amines are protonated and charged, 
which favors the solubility in water. By increasing the pH, the 
deprotonation of the amines leads to a loss of charge, which reduces the 
solubility. These two reasons explain the formation of a crosslinked, water-
insoluble network. Similar effects of catechol crosslinking-chemistry on the 
polymer solubility have also been observed in catechol-modified chitosan. 
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The uncrosslinked polymer was soluble in water. By exposing the polymer 
to NaIO4 solution, the crosslinking chemistry between catechol and the 
amines in chitosan was triggered, resulting in a water-insoluble polymer.28  
 
Figure 4.12. UV-vis spectra of polymer films deposited on quartz slides 
with different degree of crosslinking. 
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Figure 4.13. FTIR spectra of four polymers prepared at different conditions: 
a) at low pH (black line); b) high pH (read line); c) high pH, 1/100 NaIO4 
(blue line); d) high pH, 1/10 NaIO4 (dark cyan line). The green arrow 
indicates the small peak at 1163 cm-1. 
 
The crosslinking rate of the catecholamine polymer film can be enhanced 
by the addition of NaIO4. As shown in Fig. 4.11(c), upon adding a small 
amount of NaIO4 (NaIO4/ catechol = 1/ 100), the polymer film showed a 
higher static water contact angle of 41. This increase indicated a more 
crosslinked polymer film. The higher degree of crosslinking is also 
reflected in the UV-vis spectra: the peak is shifted to the right, i.e.,  = 290 
nm, and the intensity of the peak at  = 340 nm is increased. A further 
addition of more NaIO4 (NaIO4/ catechol = 1/10) yielded a polymer film 
with even higher intensity of absorbance at  = 340 nm (Fig. 4.12), and a 
higher static contact angle of 46 (Fig. 4.11(d)).  
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The effect of crosslinking on the morphology of the polymer film was 
studied by AFM measurements, as shown in Fig. 4.13. As shown in Fig. 
4.14(a), the uncrosslinked polymer film showed a very smooth surface with 
negligible roughness. For the crosslinked films, however, as shown in Fig. 
4.14 (b), (c) and (d), the roughness of the films increased. The roughnesses 
for the various crosslinked films did not differ much, indicating that a more 
crosslinked film does not necessarily lead to a rougher surface. It is known 
that the roughness of the surface has an amplifying effect on the contact 
angle. According to the Wenzel equation, for an intrinsic water/ air contact 
angle (referring to a perfectly flat surface) smaller than 90, roughness 
decreases the apparent contact angle, so that the surface seems to be more 
hydrophilic.29 In our case, we observed that the contact angles for 
crosslinked films are lower than 90. By taking into account the amplifying 
effect of roughness, we can conclude that the intrinsic contact angle for the 
crosslinked films is most likely higher than the data we currently obtained. 
The effect of crosslinking on the intrinsic contact angle should still follow 
the same trend as the one we observed.  
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Figure 4.14. AFM images of P(DAA-co-AEMA) films, a) uncrosslinked 
film, P(DAA-co-AEMA) at low pH; b) slightly crosslinked film, P(DAA-
co-AEMA), at pH 11.5; c) moderately crosslinked film, P(DAA-co-
AEMA), pH 11.5, NaIO4/ catechol=1/100; d) strongly crosslinked film, 
P(DAA-co-AEMA), pH 11.5, NaIO4/ catechol=1/10. 
 
Conclusions 
In conclusion, we developed a one-pot coating system using the pH-
responsive catecholamine polymer P(DAA-co-AEMA). We synthesized the 
copolymer by free radical polymerization of two monomers, DAA-p and 
AEMA, in aqueous conditions. The polymer works similarly as mussel 
proteins, i.e., being water-soluble at low pH (pH 2), and becoming water-
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insoluble at high pH (pH 11.5). The water-solubility switch was ascribed to 
the self-crosslinking ability of the polymer at high pH. Moreover, the 
crosslinking of the polymer is affected by the polymer sequence 
distribution. Using an in-situ 1H NMR monitoring method, we studied the 
sequence distribution by looking at the reactivity ratios of the monomers 
DAA-p and AEMA. Both the reactivity ratios of the monomers are lower 
than unity, i.e., rDAA-p = 0, rAEMA = 0.46, giving rise to a moderately 
alternating polymer structure.  
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Chapter 5 
Effect of molecular composition and 
crosslinking on adhesion of a bio-inspired 
adhesive 
 
Abstract 
In this chapter, catechol-functionalized polymers are synthesized by free radical 
polymerization of dopamine methacrylamide (DMA) and 2-methoxyethyl methacrylate 
(MEA) at 60 °C in DMF. By varying the DMA content in the polymer, it is found that 
during free radical polymerization, the catechol groups in DMA react with the propagating 
radicals, resulting in the formation of a crosslinked structure. We systematically study the 
effect of DMA content and crosslinking on the adhesion properties of the polymers. Under 
both dry and wet conditions, maximum adhesion is obtained for a polymer composed of 5 
mol% DMA. This polymer exhibits an optimum balance between catechol content to 
strengthen the interface, compliance to ensure good contact formation and cohesive 
strength to resist separation. An increase in the crosslinking degree of the polymer resulted 
in reduced dry adhesion. 
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Introduction  
The excellent underwater adhesion properties of marine organisms 
such as marine mussels1, 2 and sabellariid polychaetes3, 4 have attracted 
significant attention since decades. These marine organisms can 
achieve long-lasting and robust adhesion to various wet surfaces under 
harsh marine environments.1, 5 It has been established that in holdfast 
proteins of several organisms, a significant amount of the catecholic 
amino acid L-3,4-dihydroxyphenylalanine (DOPA) is present, which 
contributes to the adhesion properties by forming strong covalent or 
non-covalent interactions with surfaces.6-8   
The possible types and strengths of interactions between catechol and 
solid substrates have been extensively studied in the past few years.  
Liu et al. has summarized a full account of the different adhesion 
mechanisms.9 Here only a few examples are listed. Frye reported that 
the catechol can react with organic silica to form organosilicon salts in 
which the silicon atom is in a penta-coordination form.10 Lin and 
coworkers reported that DOPA in Mytilus edulis foot proteins-3 (mfp-
3) interacts with mica by hydrogen bonding between the OH groups of 
catechol and the oxygen atoms in mica.11 Several research groups 
studied the adsorption of catechol-conjugated polymers onto TiO2 
surfaces and different coordination bond configurations were 
proposed.3, 5, 6, 12 The versatility of interactions between catechols and 
different surfaces provides the ability to strongly bind to substrates of 
widely varying composition. 
Inspired by these versatile binding mechanisms of marine organisms, 
a lot of effort has been devoted to mimicking natural glues by using 
synthetic polymers incorporating catechol functionality.13 One of the 
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most common synthesis methods is to polymerize monomers bearing 
unprotected catechols by free radical polymerization. This method is 
facile because it is a one-step synthesis and the reaction conditions are 
not as stringent as with other polymerization techniques such as 
anionic polymerization.14, 15 However, it is expected that this method 
is limited by the presence of the unprotected catechols, which are 
known to be radical scavengers.16, 17 During polymerization, the 
catechol groups can interact with the propagating polymer radicals 
and may form a branched or cross-linked structure. Despite this 
expected limitation, many reports on the free radical polymerization 
of unprotected monomers exist in which the potential effect of 
catechols on the polymer structure is not mentioned.18-23 The first 
synthesis of catechol-functionalized polymers from unprotected 
catechol-containing monomer has been described by Messersmith and 
co-workers.24 N-methacrylated DOPA monomers were copolymerized 
with poly(ethylene glycol) diacrylate using either ultraviolet (UV) or 
visible light with a photoinitiator resulting in adhesive hydrogels. 
Three years later, they used thermally-initiated free radical 
polymerization to synthesize a random copolymer poly(dopamine 
methacrylamide-co-methoxyethyl acrylate) (p(DMA-co-MEA)) 
containing 11.3 mol% DMA.18 The polymer was coated onto a 
poly(dimethyl siloxane) (PDMS) pillar array. It was found that wet 
adhesion of the patterned surface increased 15-fold when coated with 
p(DMA-co-MEA). The adhesion of the coated structure was 
reversible and the adhesive strength decreased only slightly after 1000 
cycles under both dry and wet conditions. A similar adhesion 
enhancement for patterned surfaces due to a p(DMA-co-MEA)-
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coating was observed by Washburn and coworkers.19 Stewart and 
coworkers copolymerized dopamine methacrylamide with a phosphate 
based monomer: 2-(methacryloyloxy) ethyl phosphate. Combining the 
synthesized polymer with a second polymer bearing positive charges 
(e.g. protonated amine polymers) in the presence of divalent cations 
(Ca2+ or Mg2+) resulted in the formation of a polyelectrolyte 
complex.21-23 This complex coacervate showed high underwater bond 
strength and may find use as biomedical adhesive. 
These studies show that catechols accomplish strong and versatile 
interfacial interactions with different substrates and that the adhesion 
properties of synthetic catechol-containing polymers are promising. 
Therefore, one would expect that to increase the interfacial 
interactions the catechol content should be maximized. However, the 
performance of a pressure sensitive adhesive (PSA) is not only a 
function of its interfacial properties; the bulk mechanical properties 
are equally important. PSAs must be compliant and viscous to stick by 
simple contact, yet at the same time, must be resistant to creep, to 
avoid slow failure under load.25 Therefore, the adhesion properties of 
catechol-containing polymers depend on the crosslinking of the 
polymer. As reported before, by introducing oxidant such as 
periodates, catechols are oxidized, and further undergo complicated 
crosslinking chemistry, yielding a crosslinked polymer network.26 The 
altered bulk mechanical properties of the crosslinked polymer result in 
a different adhesion performance, as was shown by Wilker, et al, for 
poly[(3,4-dihydrostyrene)-co-styrene] (catechol content 33 mol%) 
systems.6 
Chapter 5 
153 
In this article, we systematically study the effect of catechol content in 
the polymer on the bulk mechanical and wet and dry adhesion 
properties. The potential influence of a crosslinked structure on the 
adhesion properties is also taken into account. Mechanical properties 
are measured with dynamic mechanical analysis and rheometry and 
the adhesion properties are studied by indentation adhesion tests. 
Experimental 
Materials 
Dopamine hydrochloride, methacrylic anhydride (94%), 2-
methoxyethyl acrylate (98%), basic alumina, deuterochloroform 
(99.96%), tetrahydrofuran (98.5%), ethyl acetate (99%), 
dimethylformamide (99.8%), 2,2’-Azobis(2-methylpropionitrile) 
(98%), dichloromethane (98.5%), methanol (98.5%), 3,4-
dimethoxyphenethyl amine (97%) and triethylamine (>99.5%) were 
purchased from Sigma-Aldrich. Sodium hydroxide solution (1 M) and 
anhydrous magnesium sulfate (MgSO4, 97%) were purchased from 
Merck. Hydrochloride solution (1 M) was purchased from Fluka. 
Hexane (p.a.) and diethyl ether (p.a.) were purchased from Biosolve. 
Sodium tetraborate decahydrate (p.a.) and sodium bicarbonate were 
purchased from J.T.Baker. 
Monomer synthesis 
Synthesis of dopamine methacrylamide (DMA) 
Dopamine methacrylamide (DMA) was synthesized by reaction of 
dopamine hydrochloride and methacrylic anhydride in a mixture of 
tetrahydrofuran (THF) and Milli-Q water, see Scheme 5.1.19 30 g of 
sodium borate tetrahydrate and 12 g of sodium bicarbonate were 
added to 300 ml Milli-Q water. The aqueous solution was bubbled 
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with N2 for 20 min, followed by addition of 15 g of dopamine 
hydrochloride. Next, 14.1 ml of methacrylic anhydride in 75 ml of 
THF was added dropwise. The pH of the solution was maintained 
above 8 by adding drops of 1 M NaOH solution. The reaction mixture 
was stirred overnight (around 14 h) under continuous N2 bubbling at 
room temperature. After the reaction, a slightly pinkish slurry was 
formed with a white solid present at the bottom of the flask. The 
reaction mixture was filtered by vacuum filtration and the residue, a 
clear slightly pinkish solution, was washed twice with 150 ml ethyl 
acetate. The obtained aqueous solution was acidified by 1 M HCl to a 
pH of around 2, followed by extraction with 150 ml ethyl acetate for 
three times. The brownish organic solution obtained from extraction 
was collected and dried over MgSO4. Afterwards, the volume of the 
solution was reduced to around 80 ml by rotary evaporation and 
precipitated into 800 ml hexane. The formed suspension was stored at 
4 °C overnight to aid crystallization. After 14 h, the resulting 
brownish solids were collected, dissolved in 100 ml ethyl acetate and 
precipitated in 1000 ml hexane. The final solid obtained by filtration 
of the suspension was dried in a vacuum oven overnight at room 
temperature and the yield was 54%. 1H NMR (400 MHz, d-DMSO,  
(ppm)): 6.62-6.42 (m, 3H, Ph), 5.92 (d, 1H, CH2=C-), 5.27 (d, 1H, 
CH2=C-), 3.23-3.18 (q, 2H, Ph-CH2-CH2-NH-), 2.55-2.51 (t, 2H, Ph-
CH2-CH2-), 1.82 (s, 3H, CH2=C(O)-CH3). 13C NMR (400 MHz, d-
DMSO): δ = 167.26, 145, 143.44, 140.05, 130.25, 119.14, 118.69, 
115.93, 115.43, 40.89, 34.55, 18.59. 
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Scheme 5.1. Synthesis of DMA 
Synthesis of N-(3,4-Dimethoxyphenethyl)acrylamide 
N-(3,4-Dimethoxyphenethyl)acrylamide (NDMA) was synthesized by 
reaction of 3,4-dimethoxyphenethyl amine with acryloyl chloride in 
dichloromethane at room temperature, see Scheme 5.2. 7 ml of 3,4-
dimethoxyphenethyl amine in 70 ml of anhydrous dichloromethane 
(CH2Cl2) was added to a 250 ml three neck round bottom flask. The 
solution was bubbled with nitrogen under continuous stirring for 30 min at 
0 °C. Afterwards, 6.92 ml of triethylamine (TEA) was added to the reaction 
mixture, followed by dropwise addition of 4.01 ml acryloyl chloride in 40 
ml anhydrous dichloromethane at 0 °C. The reaction mixture was stirred 
overnight under continuous N2 bubbling at room temperature. After the 
reaction, the reaction mixture was washed with 40 ml of 0.1 M HCl 
solution, 0.1 M Na2CO3 solution and three times with brine solution. The 
obtained yellowish solution was dried over Mg2SO4 and CH2Cl2 was 
removed by rotary evaporation. The obtained sample was dried in a vacuum 
oven overnight at room temperature.   
 
Scheme 5.2. Synthesis of N-(3,4-Dimethoxyphenethyl)acrylamide (NDMA) 
Synthesis of poly(dopamine methacrylamide-co-2-methoxyethyl 
acrylate) p(DMA-co-MEA) 
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Five polymers with different compositions were obtained by varying 
the feed molar ratios of DMA and 2-methoxyethyl acrylate (MEA). 
The details of the polymers are described in Table 5.1. Polymers are 
denoted as P(DMAx-co-MEAy), where x and y are the molar 
percentages of DMA and MEA in the copolymer as obtained from 1H 
NMR, respectively. Here, the synthesis of one typical copolymer is 
described in detail. Before polymerization, the inhibitor in MEA was 
removed by passing through a basic alumina column. 0.68 g DMA, 
2.1 ml MEA and 42 mg of 2,2’-Azobis(2-methylpropionitrile) (AIBN) 
in 9.5 ml dimethylformamide (DMF) were added to a 50 ml three-
neck round bottom flask, after which N2 was bubbled through for 30 
min. The reaction mixture was allowed to heat to 60 °C and was kept 
at this temperature for 3 h. The resulting viscous and slightly 
brownish mixture was diluted with 10 ml methanol, and added 
dropwise into 200 ml diethyl ether at 0 °C under continuous stirring. 
The resulting polymer was collected, dissolved in 15 ml 
dichloromethane and precipitated into 150 ml diethyl ether at 0 °C. 
After purification the polymer was dried in a vacuum oven overnight 
at room temperature. 1H NMR (400 MHz, CDCl3, δ (ppm)): 6.90-6.67 
(m, 3H, Ph), 4.35 (b, 2H, -O-CH2-CH2-O-CH3), 3.68 (b, 2H, -O-CH2-
CH2-O-CH3), 3.56 (b, 3H, -CH2-CH2-O-CH3), 2.80-2.78 (br, 2H, -
NH-CH2-CH2-Ph), 2.78-2.44 (br, 1H, -CH2-CH(C=O)-CH2-), 2.11-
1.65 (br, 2H, -CH2-C(CH3)-CH2-CH(C=O)CH-), 1.44-1.11 (br, 2H, -
CH2-C(C=O)-CH3). 
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Synthesis of poly(N-(3,4-dimethoxyphenethyl)acrylamide) P(NDMA) 
Homopolymer of N-(3,4-dimethoxyphenethyl)acrylamide was synthesized 
by free radical polymerization in dimethylformamide (DMF) at 60 °C using 
2,2’-azobis(2-methylpropionitrile) (AIBN) as the initiator (Scheme 5.3). 
3.6911 g NDMA, 34.8 mg of AIBN in 20 ml DMF were added to a 50 ml 
three-neck round bottom flask, after which N2 was bubbled through for 30 
min. The reaction mixture was allowed to heat to 60 °C and was kept at this 
temperature for 3 h. The resulting mixture was diluted with 5 ml CH2Cl2, 
and precipitated into 300 ml cold diethyl ether. The precipitated fractions 
were collected and redissolved into 50 ml CH2Cl2, followed by precipitation 
into 500 ml cold diethyl ether. The precipitates were collected and dried 
under vacuum at room temperature.  
 
Scheme 5.3. Synthesis of poly(N-(3,4-dihydroxyphenethyl)acrylamide) 
Synthesis of linear PDMA (l-PDMA) 
1.3 g PNDMA in 110 ml CH2Cl2 was added to a 250 ml three-neck round 
bottom flask at -65 °C under continuous stirring and nitrogen bubbling 
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(Scheme 5.3). 18 ml 1M BBr3 in DCM was added to the solution in a 
dropwise fashion. After that, the reaction mixture was slowly warmed to 
room temperature and stirred overnight. After the reaction, an orange slurry 
was formed. The slurry was added to 400 ml Milli-Q water at 4 °C under 
continuous stirring for 20 min. The reaction mixture was filtered and light 
yellow solids were obtained. The obtained solids were dried in a vacuum 
oven at room temperature.  
Polymer characterization  
All 1H NMR and 13C NMR measurements were carried out at 298 K 
on a Bruker AMX-400 spectrometer (400 MHz). Comparing the 
integrated area of the protons in the catechol and methoxy groups in 
DMA and MEA at chemical shift (δ) of 6.90-6.69 and 3.56, 
respectively, identified the DMA/MEA ratio in the final copolymer.  
For the determination of the absolute molecular weight of the 
polymers and the weight-average number of branch points, a coupled 
size exclusion chromatography and multi-angle laser light scattering 
apparatus (SEC-MALLS) was used. Polymer samples (3 mg) were 
accurately weighed and dissolved overnight in 10 ml 0.02M 
potassiumtrifluoroacetate (KTFA) in 1,1,1,3,3,3-hexafluor-2-propanol 
(HFIP). Dissolved samples were filtered over a 0.45μm Teflon® filter 
prior to analysis. 0.02M potassiumtrifluoroacetate (KTFA) in 
1,1,1,3,3,3-hexafluor-2-propanol (HFIP) was used as the mobile phase 
for SEC-MALLS. A 100µL sample was injected in a Viscotek system 
and separated over 2x PSS PFG analytical linear M GPC columns at 
0.7 ml/min and 40 °C. The system was calibrated with a narrow 
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standard PolyCAL PMMA 65kD (Mw=64,368, Mn=61,304). Data 
collection, system handling and calculations were done with 
OmniSEC software V4.6. The identification of the weight-average 
number of branch points in the polymer is based on a log-log intrinsic 
viscosity vs. molecular weight plot. According to the Mark-Houwink 
equation, for a polymer solution, the relation between intrinsic 
viscosity [] and molecular weight M is: [] = KMa, in which K and a 
are Mark-Houwink parameters. Therefore, we get log[] = logK + 
alogM. By fitting the data of log[] and logM to the equation, we 
obtained logK and a as the intercept and slope, respectively. For a 
branched polymer, the branching ratio g’ is used to describe the 
degree of branching of the polymer, which is the ratio of the intrinsic 
viscosity of the branched polymer, []branched, and the linear polymer, 
[]linear:  � = []௕�௔�௖ℎ௘ௗ []���௘௔�⁄ . The degree of branching can also be 
expressed using g’, which is defined as: �′ = ��,௕�௔�௖ℎ௘ௗଶ ��,���௘௔�ଶ⁄ , where 
Rg is the radius of gyration of the branched or linear polymer. The 
relation between g and g’ is given the by shape factor : �′ = ��. For 
many polymers,   is typically 0.7-0.8. In our study, we used 0.75. g is 
then applied to derive the weight-average number of branch points per 
molecule using the Zimm-Stockmayer equation. The copolymers 
studied here are random, tri-functional, and polydisperse polymers. 
For this class of polymers, the Zimm-Stockmayer equation becomes: 
 � = 6�� [ଵଶ ቀଶ+���� ቁଵ ଶ⁄ ln ሺሺଶ+��ሻభ మ⁄ +��భ మ⁄ሺଶ+��ሻభ మ⁄ −��భ మ⁄ − 1ሻ]                                               (1)                    
where Bn is the weight-average number of branch points per 
molecule.27  
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The thermal behavior of the polymers was measured on a Perkin 
Elmer Diamond Differential Scanning Calorimeter (DSC), using a 
temperature range from -60 to 160 °C with a heating and cooling rate 
of 10 °C/min. Glass transition temperatures of the polymers were 
determined during heating. Tg was determined using the half heat 
capacity (Cp) extrapolation method. 28 
Polymer film preparation 
For adhesion testing, optical microscopy, and AFM measurements, 
polymer films were prepared using a casting method. Square glass 
substrates, 26 mm long  26 mm wide, were used as substrate for the 
polymer films. Glass substrates were washed with ethanol and acetone 
three times, and dried with N2 prior to use. To prepare the polymer 
film, 0.3 g polymer was dissolved in 1 ml DMF and 0.3 ml of the 
solution was added onto the cleaned glass substrate. The solution 
completely wet the glass surface, after which the polymer film was 
dried in a vacuum oven at 50 °C. For the crosslinking study, 0.3 g 
polymer and different amounts of oxidants NaIO4 were added to 1 ml 
DMF. Then 0.3 ml of the solution was spread immediately onto a 
cleaned glass substrate, which was left to dry under well-ventilated 
conditions for 24 h. Subsequently, the substrate was dried in a vacuum 
oven.  
Optical microscopy 
Cross-sections of the polymer films on the glass substrates were 
imaged using an Olympus BX 60. Images were obtained using a 10 
magnification.  
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Atomic force microscopy 
The roughness of the polymer films was analyzed using a Nanoscope 
V in Scan Asyst imaging mode, using nonconductive silicon nitride 
probes (Veeco, NY, U.S.A.) with a spring constant of 0.35 N/m. 
Images were recorded between 0.2 and 0.99 Hz and further processed 
with Nanoscope Analysis 1.20 software (Veeco Instruments Inc. 2010, 
U.S.A.). 
Adhesion test 
In adhesion tests, a 9.525 mm diameter glass sphere was fixed on a 
glass slide using Norland optical 61 adhesive and attached to a fixed 
stage. A thin polymer film was coated on a second glass slide and 
mounted to the stem of a Futek load cell (model LSB 200, S/N 
454653 mated with USB210, S/N 454846, capacity: 250 g). The 
coupled actuator (Thorlabs Z825B) was connected to a controller 
(Thorlabs TDC001) to control the motion of the polymer film (a 
picture of the setup is shown in Fig. 5.1). For all the measurements 
under both dry and wet conditions, the polymer film was indented at 
0.01 mm/s until a predefined preload force was achieved. 
Subsequently, the polymer film and glass probe were allowed to be in 
contact for 300 s. The polymer film was then retracted at 0.01 mm/s 
and the adhesion force between the glass probe and polymer film was 
measured. Wet adhesion measurements were performed in aqueous 
hydrogen chloride solutions at pH 3. Before the measurement, the 
polymer film was immersed in the aqueous solution for at least one 
hour to completely swell the polymer films.  
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Figure 5.1. Picture of setup for indentation adhesion test 
 
Dynamic mechanical analysis 
Viscoelastic behavior of the polymers was studied with a TA 
instruments dynamic mechanical analyzer Q800. For polymer 
P(DMA0.25-co-MEA0.75), a film tension clamp was used. The polymer 
was dissolved in chloroform, subsequently cast in a Teflon beaker and 
dried in a vacuum oven. The obtained polymer film was cut to 
rectangular specimens of 7.0 mm  4 mm  0.17 mm. For P(DMA0.05-
co-MEA0.95) and P(DMA0.10-co-MEA0.90), a 8.65 mm diameter 
compression clamp was used. Polymer pieces were placed on the 
Chapter 5 
163 
clamp after which a few drops of chloroform were added, which 
enabled the polymer to form a homogeneous sample of the right 
dimensions (4 mm height  8.65 diameter). The sample was left to dry 
overnight under ambient conditions before measurements were carried 
out.  Frequency sweeps from 100 to 0.01 Hz were performed to 
measure the storage modulus (G’) and loss modulus (G’’) at 26-30 °C.  
Measurements were repeated after 8 hours and did not result in 
significant differences, indicating that most solvent had evaporated.   
 
Rheometry 
Rheological measurements were performed on the DHR3 Rheometer 
(TA instruments, US) equipped with a Peltier temperature control 
system.  A plate of 8 mm diameter was used as top geometry while the 
Peltier serves as bottom geometry. We applied sinusoidal oscillations 
with a small constant deformation amplitude of 1% (which was tested 
to be in the linear regime) at an oscillation frequency of 1 Hz) and at a 
temperature specifically mentioned in the result part. To prepare the 
polymer samples, polymer PMEA was heated up to 90 °C in a vacuum 
oven and cooled down to room temperature.  The resulting cylindrical 
sample with diameter of 8 mm was subsequently squeezed between 
the plates. 
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RESULTS AND DISCUSSION 
1 Polymerization 
We synthesized copolymers p(DMA-co-MEA) with different molar 
ratios of the two monomers DMA and MEA (Table 5.1) by free 
radical polymerization using DMF as solvent. DMF, which is polar, 
yet aprotic was chosen to reduce the ability of catechols to donate 
hydrogens to scavenge free radicals during polymerization. In a polar 
solvent such as DMF, catechols may interact with DMF by forming 
hydrogen bonds, thereby limiting, to some extent, the interaction 
between catechols with propagating radicals. It is important to avoid 
the use of protic polar solvents such as methanol, which can also form 
hydrogen bonds with surrounding methanol molecules. For these 
solvents, the hydrogen atom donating behavior of catechols to 
scavenge free radicals is not reduced.16, 17  
The chemical compositions of the final polymers were identified by 
comparing the integrated area of the protons of the catechol and 
methoxy groups in DMA and MEA at chemical shifts (δ) 6.90-6.69 
and 3.56, respectively (see Fig. 5.2). As shown in Table 5.1, the 
composition of DMA and MEA in the final polymer was somewhat 
different from the feed composition of the monomers, which may be 
due to the difference in monomer reactivity of DMA and MEA. The 
molecular weight Mn of the polymers became smaller when more 
DMA was added, which is possibly due to faster termination of the 
polymer chains by increased radical scavenging probabilities. The 
polydispersity index (PDI) of the polymers containing low amounts of 
DMA is around 2.0, which is typical for polymers synthesized using 
free radical polymerization. For P(DMA0.25-co-MEA0.75), the PDI is 
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2.9, which is higher than those for polymers obtained from normal 
free radical polymerization. This higher PDI might be due to the still 
existing radical scavenging effect of catechols, which will be 
elucidated later. 
 
Figure 5.2. 1H NMR spectra of poly(DMA0.10-co-MEA0.90) in CDCl3 
 
During polymerization, the catechol groups in DMA were not 
protected. Although we tried to keep the scavenging ability to a 
minimum by using DMF, the propagating radicals in one polymer 
chain may still react with the catechol radicals in another polymer 
chain, so as to form a crosslinked structure.29  
The possibility of crosslinking was tested using SEC-MALLS by 
determining the weight-average number of branch points per polymer chain 
in the final polymer (see Fig. 5.3). As shown in Table 5.1, with more 
incorporation of DMA, the number of branches in every polymer chain 
increased, although the number of branches in all the copolymers is small. 
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Moreover, it was observed that polymers with a higher DMA content were 
more difficult to dissolve in common organic solvents. Homopolymer 
PDMA was insoluble in most common organic solvents and only showed 
limited solubility in DMF. Due to the limited solubility, PDMA could not 
be measured using SEC-MALLS. Yet the poor solubility is a clear 
indication that a crosslinked architecture is formed in PDMA. The number 
and position of crosslinks that were obtained during the free radical 
polymerization process are poorly controlled. Despite this lack of control, 
crosslinking may affect the adhesion performance of the polymers.19 This 
will be discussed below. Scheme 5.4 shows a proposed crosslinking 
mechanism during the radical polymerization.  
 
Figure 5.3. SEC-MALLS data of four polymers: intrinsic viscosity as a 
function of molecular weight on log-log scale. (a) PMEA; (b) 
poly(DMA0.05-co-MEA0.95); (c) poly(DMA0.10-co-MEA0.90); (d) 
poly(DMA0.25-co-MEA0.75); (e) PDMA 
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Table 5.1. Specifications of the synthesized polymers 
 
a: the number average molecular weight; b: the weight average 
molecular weight; c: polydispersity; d: weight-average number of 
branch points per molecule. 
 
 
Scheme 5.4. Proposed crosslinking mechanism for the radical 
polymerization of vinyl monomers bearing unprotected catechols.29 
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More experiments need to be performed to verify this mechanism. 
However, it is challenging to perform mechanistic studies on these 
polymeric systems due to the small degree of crosslinking. A resulting 
architecture obtained from free radical polymerization of monomers 
MEA and DMA is proposed, as shown in Scheme 5.5. 
 
Scheme 5.5. Synthesis and a proposed resulting architecture of 
copolymer p(DMA-co-MEA) 
To verify the crosslinked structure of PDMA, a second catechol-
functionalized homopolymer was prepared by free radical 
polymerization of N-(3,4-dimethoxyphenethyl)acrylamide (NDMA) 
under the same polymerization conditions. In the new polymerization, 
methyl-protected catechols prohibit radical scavenging and linear 
polymer chains should be obtained.13 The obtained polymer was 
demethylated using BBr3 to free the catechol groups and linear PDMA 
(l-PDMA) was obtained. The synthesis and characterization details are 
given in Fig. 5.4.  
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Figure 5.4. 1H NMR spectra of poly(N-(3,4-
dimethoxyphenethyl)acrylamide) in CDCl3 
 
Full characterization and property profiles of (co)polymers 
synthesized using protected catechol monomers will be the subject of 
a subsequent paper. PDMA and l-PDMA were dissolved in 0.1 mM 
NaOH solutions at pH = 10 under inert conditions. At this pH the 
catechols in the polymers should be partially deprotonated and the 
polymers charged and soluble in water. The solubility test showed that 
PDMA was insoluble while l-PDMA was soluble (Fig. 5.5). We note 
that full deprotection of l-PDMA was not confirmed. However, partial 
deprotection would lower the solubility of l-PDMA in 0.1 mM NaOH, 
due to the hydrophobicity of the residual methoxy groups. Therefore, 
the strongly increased solubility of l-PDMA in 0.1 mM NaOH in 
comparison to PDMA verified the crosslinked structure of PDMA. 
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Figure 5.5.  Pictures of l-PDMA (top left) and PDMA (top right) and 
enlarged picture of PDMA (bottom) in 0.1 mM NaOH solution kept under 
the protection of nitrogen 
 
 
        
polymer 
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2 Mechanical properties of polymers 
The mechanical properties of the polymers were measured by 
dynamic mechanical analysis (DMechA) and rheometry. DMechA is 
used as an abbreviation for dynamic mechanical analysis to 
differentiate it from dopamine methacrylamide. Due to the large 
variation in material properties different techniques and different 
measuring geometries were used. As shown in Table 5.2, PMEA was 
measured with rheometry using a compression geometry, while the 
copolymers of DMA and MEA were measured with DMechA using a 
compression clamp for P(DMA0.05-co-MEA0.95) and P(DMA0.10-co-
MEA0.90), and a film tension clamp for P(DMA0.25-co-MEA0.75). The 
choice of geometry for each measurement depended on the 
processability of the polymer and the required sample dimensions. For 
example, whereas PMEA flows at room temperature which precludes 
the use of a film tension clamp, P(DMA0.25-co-MEA0.75) has a Tg at 33 
°C, rendering the film tension clamp more appropriate than the 
compression clamp. For PDMA, the incorporation of only DMA 
without MEA resulted in very high Tg (> 160°C) for the polymer, 
which may be due to the presence of a benzene ring in DMA. The 
high Tg and the poor solubility of PDMA make this polymer so 
difficult to process that no proper dynamic mechanical analysis data 
could be obtained. Since the measurements were performed with 
different methods, geometries and temperatures, the storage and loss 
moduli obtained here should be regarded as an estimate of the 
polymer mechanical properties. Mechanical properties of the different 
polymer compositions at a frequency of 1 Hz are shown in Table 5.2. 
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Table 5.2. Mechanical properties of the polymer compositions 
 
The overall polymer composition strongly influences the mechanical 
properties. The value of the storage modulus for a given temperature 
increased from tens to ten thousands of kPa by increasing the ratio of 
DMA to MEA from 0/100 to 25/75.  Polymers with a glass transition 
temperature below room temperature (e.g. PMEA with Tg -36 C)  
exhibit both a low storage modulus and a high damping factor (tan ). 
In comparison, polymers with more DMA have a higher Tg (e.g. 
P(DMA0.25-co-MEA0.75) with Tg 33 C), exhibiting a higher storage 
modulus and a lower damping factor. Thus, PMEA shows significant 
viscoelastic behavior at room temperature, whereas P(DMA0.25-co-
MEA0.75) is stiff and elastic. 
Small amounts of crosslinking can lead to drastic changes in the 
rheological behavior of polymer melts.30 Typically, as the number of 
entanglements increases upon increasing the degree of crosslinking, 
the resistance to creep increases. However, for the set of polymers 
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described here, not only crosslinking, but also the Tg and molecular 
weight vary significantly between polymers. Therefore, creep studies 
on a larger set of polymers would be needed to study the effect of 
crosslinking on the frequency dependence of the mechanical 
properties of P(DMA-co-MEA) copolymers. 
3 Adhesion properties 
To study the adhesion properties of the polymers under dry and wet 
conditions, a polymer film on a cleaned glass substrate for each 
polymer was prepared. The thickness for the five polymer films was 
similar to avoid substrate-induced artifacts on the indentation 
measurement results. The film thickness of the five samples was 
measured and listed in Table 5.3; a representative sample is shown in 
Fig. 5.6. 
 
Figure 5.6. Optical microscopy image of (co)polymer on a pre-treated glass 
substrate. The thickness of the polymer layer was measured with optical 
microscopy ( 10 magnification). 
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Table 5.3. Thickness of polymer films as determined by optical microscopy. 
The standard deviation of the thickness of each sample is based on three 
measurements at different locations in the same film. 
 
The topography of the polymer films was imaged with AFM (Fig. 
5.7). The mean square roughness of the polymer films Rq was around 
1 nm, which means that relatively homogeneous films were formed on 
the substrate. 
The adhesion of the polymers under dry and wet conditions was 
measured by indentation adhesion tests. Fig. 5.8 shows a typical force-
time curve of P(DMA0.05-co-MEA0.95) for dry adhesion. The pull-off 
force is obtained from the force-time curves and is defined as the 
maximum force required for debonding. The adhesion force as a 
function of preload force for dry adhesion is shown in Fig. 5.9. 
 
Figure 5.7. AFM topography images of a polymer film on a glass 
substrate. a) PMEA. Roughness average= 0.36 nm.  b)  P(DMA0.05-co-
Chapter 5 
175 
MEA0.95). Roughness average= 1.3 nm. c) P(DMA0.10-co-MEA0.90). 
Roughness average= 0.37 nm. d) P(DMA0.25-co-MEA0.75). Roughness 
average= 0.4 nm.  e) PDMA. Roughness average= 0.96 nm. 
 
Figure 5.8. Typical curve of force as a function of time obtained from 
adhesion test. Positive loads are tensile and negative loads 
compressive.  
Dry adhesion 
In Fig. 5.9, we compare dry adhesion strength for the various 
catechol-functionalized polymers. PMEA shows moderate dry 
adhesion in the investigated preload range from 0 to 35 mN. During 
the retraction step, a bundle of fibrils were observed between the 
probe and the polymer film and polymer residue was left on the probe, 
suggesting that in this case debonding occurred as cohesive failure. By 
incorporating 5 mol% of DMA into the polymer, P(DMA0.05-co-
MEA0.95 exhibited higher dry adhesion, with pull-off forces in the 
range of 0.06-0.2 N. By incorporating 10 mol% of DMA into the 
polymer, P(DMA0.10-co-MEA0.90) exhibited decreased adhesion, with 
pull-off forces in the range of 0.015-0.05 N. A further increase in the 
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DMA content, represented by P(DMA0.25-co-MEA0.75) and PDMA, 
resulted in negligible adhesion. Therefore, in our set P(DMA0.05-co-
MEA0.95) is the optimal composition under dry conditions. DMA-
containing polymers all show adhesive failure, without fibril-
formation during the retracting step and without optically detectable 
residue left on the probe.  
 
Figure 5.9. Pull-off forces under dry conditions as a function of 
preload force for (co)polymers with different DMA/MEA ratios. 
Probe speed was 0.01 mm/s for all measurements. Each data point 
resulted from an average of three to five measurements. 
 
For most polymers, the adhesion force displayed a slight increase with 
increasing preload force. This trend is mainly due to the deeper 
indentation of the probe into the polymer film for higher preload 
force, resulting in a larger contact area and a higher strain. For a more 
viscoelastic material more energy will be dissipated leading to 
increased adhesion, thus the effect of preload is more pronounced for 
viscoelastic materials. However, in the current polymer system, 
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polymers that are more viscoelastic, PMEA in particular, have a lower 
storage modulus and fewer branches (see Table 5.1). Polymers with a 
lower storage modulus and fewer branches feature lower cohesive 
strengths, which may reduce the effect of preload on pull-off force. 
Therefore, no large differences in preload dependence are obtained 
between the different polymers. The adhesion strength was obtained 
by dividing the adhesion force by the calculated contact area. The 
contact area A is obtained by calculating by A = 2���, where R is the 
radius of the glass probe, and � is the indentation depth. The contact 
area is different for each preload force and each polymer (at the same 
preload force). Fig. 5.10 presents the adhesion strength of the 
polymers at the same preload force of 13 mN and the calculated 
contact areas. It can be seen that the trend is the same as obtained in 
Fig. 5.9. P(DMA0.05-co-MEA0.95) exhibits the highest dry adhesion 
strength, and a further increase in DMA content in the polymer results 
in a significant decrease in adhesion. 
The bulk mechanical properties determine the adhesive performance 
to a large extent. Typically, at a deformation rate of 1 Hz, the storage 
modulus for a pressure sensitive adhesive (PSA) lies within the range 
10 – 300 kPa. In this range polymers are compliant enough to form 
good contact within the contact time and the debonding process is 
then determined by the coupling of bulk and interfacial properties of 
the material.31 PMEA, P(DMA0.05-co-MEA0.95) and P(DMA0.10-co-
MEA0.90) fall in this range, while P(DMA0.25-co-MEA0.75) has a 
storage modulus  of 4.8 x 104 kPa. PDMA is very brittle, and most 
likely exhibits a storage modulus that is even higher than P(DMA0.25-
co-MEA0.75). Therefore, P(DMA0.25-co-MEA0.75) and PDMA are too 
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stiff to be tacky. They will not be able to form a good contact with the 
probe and, thus, the interface can only support very limited 
deformation of the bulk. Tan /storage modulus is a measure for the 
strain the material can withstand before detachment will occur, this is 
indeed very low for P(DMA0.25-co-MEA0.75).32  
 
Figure 5.10. Adhesion strength of polymers at a preload force of 13 
mN. The polymers are: a) PMEA, b) P(DMA0.05-co-MEA0.95), c) 
P(DMA0.10-co-MEA0.90),  d) P(DMA0.25-co-MEA0.75) and e) PDMA. 
The number on top of each bar is the molar percentage of DMA in the 
respective polymer. The standard errors were calculated based on 
three measurements for each sample.  
In our study, the adhesion strength of P(DMA0.05-co-MEA0.95) was 
169% higher than that of PMEA. This increase can be explained by 
the property profile of the two polymers. First, although the storage 
modulus is low, PMEA is not cross-linked, leading to a low cohesive 
strength. This is also reflected in the fact that during the de-bonding 
process fibrils were formed between the PMEA film and the glass 
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probe. Second, it has been reported that catechol can displace water 
molecules from wet silica and adheres strongly by hydrogen 
bonding.33, 34  Third, the more hydrophobic monomer MEA as 
compared to DMA, will decrease the surface energy of the polymer. 
On a surface of high surface free energy such as the glass probe used 
in our measurement, a more hydrophilic polymer will exhibit a better 
wettability.35 It is unclear why P(DMA0.10-co-MEA0.90) shows much 
lower adhesion than P(DMA0.05-co-MEA0.95) even though the 
DMechA experiments indicated very similar mechanical properties. It 
may be that during the DMechA experiment residual solvent was left 
in the sample, resulting in a measured storage modulus that is lower 
than the actual storage modulus of the polymer. 
 
Effect of crosslinking on the dry adhesion 
As becomes clear from the discussion above, it is difficult to draw 
conclusions about the influence of crosslinking in the polymers on the 
adhesion properties, because not only crosslinking, but also the Tg and 
Mw vary significantly between polymers. Therefore, one polymer, i.e. 
P(DMA0.05-co-MEA0.95) that showed the best dry adhesion 
performance, was selected to study the influence of crosslinking. 
To study the effect of crosslinking on dry adhesion, a certain amount 
of oxidant NaIO4 was added to the polymer film to induce catechol 
oxidation and subsequent crosslinking. As shown in Fig. 5.11, 
addition of small amounts of oxidant, i.e. NaIO4/Catechol = 1/100 and 
NaIO4/Catechol = 1/10, resulted in slightly reduced adhesion. A 
further increase in amount of oxidant, i.e. NaIO4/Catechol = 1/3, 
resulted in negligible adhesion. These observations indicate that for 
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P(DMA0.05-co- MEA0.95) the addition of oxidant will always reduce 
adhesion. The reduction in adhesion may be due to changes at the 
interface and changes of the bulk properties: First, part of the 
catechols is oxidized to quinones, and quinones can lower the 
adhesion significantly.8 Second, the oxidants will add crosslinks to the 
polymer systems which will lead to an increase in stiffness. Therefore, 
the crosslinked polymers are less tacky, resulting in reduced adhesion. 
Similar observations have been reported by Washburn et al. 20, who 
studied the dry adhesion of copolymer poly(DMA-co-MEA) 
containing 12 mol% DMA by adding a divinyl cross-linking agent.  
 
Figure 5.11. Dry adhesion of P(DMA0.05-co-MEA0.95) in the presence 
of an oxidant NaIO4. Each data point resulted from an average of three 
to five measurements. 
Wet adhesion 
For the wet adhesion in aqueous conditions at pH 3, the polymer films 
were fully immersed in aqueous HCl at pH 3 for at least one hour to 
equilibrate the water uptake into the polymer. Measurements were 
performed at pH 3 due to the sensitivity of catechol to oxidation at 
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moderate to high pH. Oxidation of the catechols may influence the 
adhesion performance.36 
As shown in Fig. 5.12, the adhesion force for PMEA, P(DMA0.05-co-
MEA0.95) and P(DMA0.10-co-MEA0.90) under wet conditions is lower 
than for dry adhesion. It is interesting to note that P(DMA0.25-co-
MEA0.75) showed considerable wet adhesion, but almost no dry 
adhesion. PDMA showed negligible wet adhesion. The effect of DMA 
content on wet adhesion followed a similar trend as for dry adhesion: 
Incorporation of 5 mol% of DMA in the copolymer resulted in 
enhanced wet adhesion. A further increase in DMA content reduced 
the wet adhesion significantly. A different trend was observed by Butt 
and coworkers.37 They investigated the single-molecular wet adhesion 
of poly(dopamine methacrylamide-co-butylamine methacrylamide), 
and observed an independence of catechol content on wet adhesion. 
However, single-molecule force measurements differ from 
macroscopic adhesion measurements and different properties are 
assessed.  
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Figure 5.12. Pull-off forces under wet conditions as a function of 
preload force for (co)polymers with different DMA/MEA ratios. 
Probe speed was 0.01 mm/s for all measurements. Each data point 
resulted from an average of three to five measurements. 
 
Compared to dry adhesion, the decreased adhesion under wet 
conditions may be due to weaker surface interactions. To investigate 
the difference in mechanical properties of the polymer films between 
dry and wet conditions, the compressive parts of the force-
displacement curves, i.e. the linear part of the approaching step, were 
analyzed using the Hertz theory of elastic contact.38 The Hertzian 
indentation model can be expressed as: � = ଷସ �∗√��ଷ                                                                   (2) 
where P is the preload force, �∗ = � ሺ1 − ଶሻ⁄  is the effective Young’s 
modulus of the surface,  is Possion’s ratio, R is the radius of the 
indentation sphere, and  is the indentation depth. Table 5.4 shows E* 
for all polymers obtained from Hertz theory under both dry and wet 
conditions. Since some of the polymers display significant viscoelastic 
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effects, the model has limited applicability and the E* values are only 
used to compare the differences in stiffness of polymers under dry and 
wet conditions. 
Table 5.4. Changes in stiffness of the five polymers under wet and dry 
conditions 
 
Under dry conditions, an increase in stiffness was obtained with 
increasing DMA content in the polymer. Under wet conditions, all 
polymers showed a significantly lower stiffness than the stiffness 
under dry conditions. The decrease in stiffness () was more 
pronounced for polymers with a higher DMA content, except for 
PDMA. Whitening of the polymers was observed upon immersion 
indicating swelling with water. Water acts as a plasticizer, lowering 
the Tg and the stiffness of the polymer films. DMA is a more 
hydrophilic monomer than MEA. Therefore, when more DMA is 
incorporated, the polymer is swollen to a larger extent compared to 
polymers containing less DMA. In PDMA swelling may be limited 
due to the crosslinked nature of the polymer. For P(DMA0.10-co-
MEA0.90), and P(DMA0.25-co-MEA0.75), the swollen films become 
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more compliant, which results in a better contact with the probe. 
Therefore, a relatively higher adhesion under wet conditions than 
under dry conditions is obtained as compared to the other 
compositions.  
Conclusions 
We synthesized poly(DMA-co-MEA) copolymers with different 
compositions and found an increase in the degree of crosslinking by 
increasing the catechol content in the polymer. The effect of catechol 
content on the adhesion properties was studied and an optimal 
composition for dry adhesion was achieved at a DMA concentration 
of 5 mol%. Polymers with a higher concentration of DMA showed 
little dry adhesion, which is attributed to the high stiffness of the 
material, resulting in poor contact with the probe. The adhesion 
properties of the polymer under dry conditions are a balance between 
catechol content to strengthen the interface, compliance to ensure 
good contact formation and a small degree of crosslinking to increase 
cohesion.  
Under wet conditions, the copolymers showed a similar dependence 
on the DMA composition as compared to dry conditions. An optimal 
composition for the best wet adhesion was found at a DMA 
concentration of 5 mol%. Polymers with a higher DMA content are 
more hydrophilic and will take up more water. As water acts as a 
plasticizer and reduces the effective stiffness, polymers with a higher 
DMA content will show a larger decrease in stiffness, which improved 
their wet adhesion performance.  
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Chapter 6 
General discussion 
 
 
Abstract 
 
In this chapter of “general discussion”, we revisit the motivation of this PhD project, and 
build up connections among various subjects discussed in the previous chapters. We 
highlight some of the important findings in the context of whole thesis, and category them 
into three main aspects: i) importance of pH, ii) mechanistic understanding of catechol 
chemistry; and iii) design and synthesis of catechol-containing polymer. We also find new 
questions and challenges related to the catechol chemistry and catechol-containing 
polymers. We discuss these open questions here, and speculate on possible solutions to 
answer these questions.  
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Introduction 
The central question we asked at the beginning of this thesis is: can we 
design a catechol-containing polymer that can be used as water-soluble 
binder for waterborne paints? The associated questions are focused on two 
points: i) is the polymer soluble in water at low pH during storage and 
application? ii) can the polymer switch to a water-repelling film at high pH 
during drying and curing? After three years and six months of work on this 
project, we conclude that we have successfully designed a polymer that can 
switch its aqueous solubility upon pH adjustment. The polymer switches 
from being water-soluble at low pH to insoluble at high pH owing to the 
crosslinking chemistry of catechols with amines. We have also gained more 
understanding on the reaction mechanisms of catechol-amine crosslinking, 
and the role of catechol on the adhesion properties. There are, however, 
remaining questions unanswered, and potentially interesting research paths 
unexplored. In this section, we will touch upon some remaining questions 
that can be interesting for a continuation of this research line. The 
discussion is divided into three aspects: i) section 6.1, importance of pH ii) 
6.2 mechanistic understanding of catechol chemistry; iii) section 6.3, the 
design and synthesis of catechol-containing polymer. 
6.1 Importance of pH  
As stated before, the aim of this thesis is to design a pH-responsive 
catechol-containing polymer that can be used as binder for water-borne 
paints. The principle of the polymer design is mainly guided by the 
dependence of catechol chemistry on pH, and the pH route has changed 
significantly along with the investigations proceeded. Current dispersion-
based waterborne paint systems follow a “pH down” route. To be more 
specific, the paint system is stable at high pH during storage; by exposing 
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the paint to air and applying it on a surface, the volatile base, e.g. ammonia, 
or alkanolamine
1
, evaporates, and the pH drops. Simultaneously, the 
coagulation of the polymeric binder, and water evaporation take place. 
After a certain period, a water-resistant film is formed. Initially, we tried to 
also follow a “pH down” route. We hypothesized that at high pH, the 
catechols in the polymer would be deprotonated, and charged, making the 
polymer soluble. At low pH, when the pH drops below the pKa of two 
hydroxyls groups in the catechols, the catechols would be protonated, and 
become neutral. This loss of charge would reduce the hydrophilicity and 
solubility of the polymer, and hopefully lead to the formation of a 
hydrophobic film. However, we found that it is tricky to design such a 
system using catechol-containing polymers mainly due to two reasons. 
Firstly, catechols have a pKa value around 9. To keep catechols in the 
deprotonated form, the pH should be at least more than 10. At such high 
pH, catechols are very susceptible to oxidation and further crosslinking, 
making the storage of a stable paint system difficult. Secondly, during 
curing and drying, the pH drops. The rate of catechol oxidation and 
crosslinking would therefore decrease significantly with lower pH. 
Therefore, it is not favorable to have a low pH if we intend to make use of 
catechol crosslinking as the curing tool. In summary, the “pH down” route 
is working against the catechol chemistry, and therefore, this route is not 
feasible.  
To make full use of the catechol chemistry, we switched to a “pH up” route, 
namely, the polymer is soluble at low pH when catechols are stable, and 
become insoluble at high pH when catechol crosslinking accelerates 
significantly. With this in mind, we designed a polymer containing both 
catechol and amine groups. At low pH, the polymer is soluble, the catechols 
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are stable, and the amines are charged. At high pH, i.e., pH 11.5, catechol 
oxidation takes place rapidly, forming o-quinones. The o-quinone reacts 
with the deprotonated amines to form a water-insoluble polymer. However, 
by testing this polymer with current water-borne paint systems, i.e. 
producing a suspension including additives, pigments, etc., the polymer 
formed flocs immediately. Two reasons might account for the formation of 
this flocculation. Firstly, titanium dioxide added as the additive might bind 
strongly with catechols in the copolymer. Secondly, the current paints 
systems are mainly anionic; the negatively charged additives interact with 
the positively charged amines in our polymer through electrostatics 
interactions, leading to the formation of flocs.  
A third possible route can be “pH constant”. There are two possible options. 
Firstly, since the flocculation may result from the positive charges of the 
amines at low pH, it is desirable if the amines are neutral so as to avoid the 
electrostatic interactions. One possible way is to protect amines using 
protection reagent di-tert-butyl dicarbonate to give N-tert-butoxycarbonyl 
or so-called Boc derivatives (Scheme 6.1). During storage, the polymer 
should stay soluble and no flocs should be formed. By deprotecting the 
amines upon application, the catechols can be oxidized and react with the 
free amines.   
Secondly, instead of using only amine functionalized monomers, we may 
use a tri-copolymer containing carboxylic acid, catechol groups and 
protected amines. The amines are protected using reagent di-tert-butyl 
dicarbonate to give the N-tert-butoxycarbonyl or so-called Boc derivatives. 
At slightly basic pH during storage, the carboxylic acid bears a negative 
charge and the polymer is soluble. To avoid the catechol oxidation, we may 
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add a volatile reducing agent e.g. diethylhydroxylamine, carbohydrazide, 
and methylethylketoxime
2
, to the system. Upon application and exposure to 
air, the reducing agent disappears either by evaporation or by reaction with 
oxygen. By deprotecting the amines, catechol oxidation and crosslinking 
takes place gradually to form crosslinked and water-resistant films.  
 
Scheme 6.1 Synthesis of BOC-protected amines. 
6.2 Mechanistic understanding of catechol chemistry 
Catechol oxidation and crosslinking is affected by a variety of parameters. 
Among these parameters, pH is an essential one that we should particularly 
pay attention to. For instance, in Chapter 3, we tried to unveil the 
crosslinking mechanism of catechol and amine by using the model 
compounds 4-methyl catechol (4MC) and propylamine (PA). The choice of 
pH in this study is tricky. On one hand, it is known that the primary amines 
need to be deprotonated to be reactive towards the o-quinones.
3
 For an 
aliphatic amine, the pKa is usually around 9. Therefore, the pH of the 
reaction medium should be above 10. On the other hand, the catechol 
oxidation accelerates significantly upon increasing pH.  Too fast catechol 
oxidation leads to the formation of too much o-quinones, which may 
significantly complicate the crosslinking chemistry.. Therefore, it is 
favorable to keep the pH at a proper level, i.e., pH should be high enough to 
keep aliphatic amines free; but not too high to generate too much o-
quinones. In our case, in Chapter 3, the pH of the reaction medium was 
chosen as ~11 since PA has a pKa of 10.71. We observed that a lot of 
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products had already been formed in the first five minutes. To achieve a 
better understanding of the mechanisms, we suggest two possible further 
investigations. First, from DLS measurements, we found that during the 
reaction, clusters with different sizes were formed, which indicated that 
very big particles might be formed from the polymeric products. The 
polymeric products themselves could not be detected with the techniques 
we used, i.e., LC-MS. Therefore, one could use solid state nuclear magnetic 
resonance (ssNMR) to check the molecular structure of the clusters. 
Secondly, in order to use NMR techniques to identify the structures of each 
fraction as detected in LC-MS, we tried to collect fractions as they eluted. 
However, the fractions are very unstable, and each fraction reacted further 
to form other products. Therefore, we tried to focus on one of the simplest 
products, namely 4-n-propylamino-5-methyl-1,2-benzoquinone (PMB) 
(Scheme 6.2), the structure of which was determined from LC-MS. We 
tried to synthesize PMB using a different route based on a report in the 
literature
4
, i.e., the reaction of 4MC and PA in acetic acid. It is expected 
that, by lowering the pH, the majority of the product is PMB. However, 
during purification, the product was again very unstable, making the 
separation very difficult. Therefore, it is difficult to get pure PMB for 
further NMR analysis. Therefore, we propose to synthesize PMB from 
protected catechols. The synthesis protocol is shown in Scheme 6.3. The 
obtained PMB can then be further analyzed with NMR techniques to 
identify the structure. HPLC of PMB can be used under the same elution 
conditions to match the elution profile we obtained in Chapter 3. In this 
way, the structure of PMB in our study can be double checked.  
Chapter 6 
195 
 
Scheme 6.2 Molecular structure of identified intermediate 4-n-propylamino-
5-methyl-1,2-benzoquinone (PMB) 
 
Scheme 6.3. Synthesis procedure of 4-n-propylamino-5-ethyl-1,2-
benzoquinone
5
 from a protected catechol precursor. 
From the HPLC elution profiles of the reactions, in Chapter 3, we found 
that all the peaks of different fractions only decreased with time; there was 
no peak showing an increasing trend. This trend means that the reaction is 
so fast that we cannot capture the intermediates. In a reaction proceeding at 
an appropriate speed, we expect the formation of certain intermediates, 
which, with time, transform to other intermediates or products. In other 
words, in the HPLC elution profiles, some peaks would increase with time, 
while some other peaks would decrease. Therefore, it would be helpful if 
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we could slow down the reaction. One possible way is to add a reducing 
agent such as sodium borohydride NaBH4. NaBH4 can reverse the oxidation 
of catechols, and reduce the formation of o-quinones. Consequently, the 
reaction between o-quinones and amines can be slowed down, which may 
facilitate capturing the reaction kinetics. A second method is to reduce the 
pH of the reaction medium. For instance, instead of performing the reaction 
at basic conditions, it is possible to use acidic or neutral aqueous solvent. In 
this way, we can exclude the accelerating effect of basic pH on the catechol 
oxidation and crosslinking. The catechol oxidation rate is controlled by 
adjusting the amount of oxidizing agent (e.g. NaIO4 or NaIO3). In this way, 
the reactions might be slowed down. However, in acidic conditions, amines 
are charged and protonated, which limits the reactivity towards o-quinones. 
Nevertheless, in literature, the production of amine-catechol adducts in 
acidic conditions has been reported, so that this is a viable option to further 
explore the reaction mechanisms of charged amines and o-quinones. 
Besides covalent bonds are catechols able to form non-covalent bonds. In 
Chapter 4, we designed the polymer p(DAA-AEMA). We found that, pure 
PAEMA is very water-soluble. Incorporation of only 6 mol% of DAA 
reduced the solubility significantly. In fact, the copolymer p(DAA-AEMA) 
(6 mol% DAA) in acidic conditions forms a gel. We therefore propose that 
catechols might form hydrophobic interactions in the solution, making the 
polymer solution behave like a gel. To verify this hypothesis, it would be 
interesting to study the effect of catechol on the mechanical properties of 
the polymer gels, and check whether or not the polymer gel self-heals. The 
gel behavior of this polymer might be an advantage for coating applications, 
since during application a gel would suppress the unwanted “sagging” on 
vertical surfaces.  
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6.3 Design and synthesis of catechol-containing polymer 
To synthesize linear polymers containing catechol groups, special attention 
is required due to the radical scavenging ability of catechols. For instance, 
in Chapter 5, we synthesized a polymer by free radical copolymerization of 
dopamine methacrylamide (DMA) monomers carrying unprotected 
catechols and 2-methoxyehtyl methacrylate (MEA) monomers. By 
performing SEC-MALLS measurements on the copolymers, we found that 
a crosslinked polymer had been formed. The crosslinked structure may be 
formed due to the side reaction of catechols with the propagating radicals 
during polymerization.  
To avoid the radical scavenging effect of catechols during polymerization, 
one can protect the catechols by various groups before polymerization. In 
this thesis, we have employed two methods. The first method, as suggested 
in Chapter 5, is protecting the catechols by methyl groups. The advantage of 
this method is the high stability of methyl-protected catechol (Me-Catechol) 
under common conditions such as high temperature, basic pH, etc. 
However, Me-Catechol is so stable that the deprotection step requires very 
harsh acidic conditions, i.e., using BBr3. Under these extreme conditions, 
common comonomers such as acrylates are hydrolyzed. Therefore, the use 
of methyl protection limits the possibility of using acrylates as monomers. 
Moreover, the deprotection of Me-Catechol was performed in organic 
solvent, which is not compatible with our goal in this thesis- the production 
of environmentally friendly polymers. Therefore, it is more favorable to 
prepare the polymers under “friendly” aqueous conditions. The second 
method, as suggested in Chapter 4, is to protect the catechols by borax 
groups. In contrast to Me-Catechol, borax protected catechols are easy to 
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deprotect. The borax esters can be simply removed by lowering the pH to 
around 2 using aqueous HCl solution. The usage of borax protection has 
been proved to be effective and efficient in Chapter 4. In this way, the 
deprotection can be performed without the presence of organic solvent, and 
therefore, it is more environmentally friendly.  
An alternative method for obtaining the polymer from unprotected catechol 
precursors is the post-modification of an existing polymer, using 1-Ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC) as the coupling agent.
6
 An 
example is shown in Scheme 6.4. One could start from a commercially 
available polymer that contains functional groups such as carboxylic acid, 
and modify it by catechol-containing derivatives.  
 
Scheme 6.4 Synthesis of catechol-containing polymer by modifying 
poly(acrylic acid) using dopamine hydrochloride and EDC coupling 
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Mussels adhere strongly to various types of underwater surfaces, ranging 
from soft polymer tissues to hard rocks, via a byssus. The formation of a 
byssus is a key step towards the sedentary life of mussels. When a mussel 
approaches a surface, it produces fluidic proteins inside its body at pH 5. 
Instantly, when the proteins are secreted into the seawater at pH 8, the 
proteins undergo a fast curing process, resulting in the formation of the 
byssus. The proteins in the byssus contain significant amounts of catecholic 
compounds, e.g., DOPA. It has been claimed that the excellent adhesion 
properties and fast curing of mussel proteins are related to the versatile 
chemistry of catechols.  
The formation of mussel byssus is similar to the working principle of 
industrial water-borne paints. In industry, the paint is usually applied to a 
surface as a fluid suspension. After evaporation of the solvent and curing a 
water-repelling film is formed. The current waterborne paint system can 
fulfill the requirement of forming a hydrophobic film during drying, but 
they are colloidal polymer dispersions rather than solutions, and as a 
consequence, the rheological properties are not as good as those of solvent-
based paints, in which the resin is dissolved. Therefore, the aim of this 
thesis is to take a bio-inspired approach, to develop a polymer that can be 
used as binder for waterborne paints, based on catecholic crosslinking 
chemistry. In other words, the polymer is expected to be water-soluble 
during application; during drying/curing, by triggering the crosslinking 
chemistry of catechol, the polymer is crosslinked to form a water-resistant 
film (Chapter 4). A clear understanding of the catecholic chemistry is 
crucial to obtain a well-designed polymer, so we investigated the reaction 
mechanisms of catechols (Chapter 2 and 3). Moreover, good adhesion 
properties are important for paints, so we also studied the adhesion 
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properties of catechol-containing polymers (Chapter 5).  Therefore, in this 
thesis, several aspects are covered: the mechanistic understanding of 
catecholic chemistry, the production of catecholic polymers, and industrial 
application of the polymers.   
In Chapter 2, a comprehensive overview of the possible crosslinking 
mechanisms of catechols that have been proposed in the last few decades is 
given. The chemistry of catechols is very versatile. A schematic description 
of the possible pathways is shown in Fig. 1.  
 
Figure 1 An overview of crosslinking pathways of catechol-derivatives 
Catechols can react with a variety of functionalities, e.g., amines, thiols, and 
interact with metal ions (e.g. Fe3+). The catechol-containing polymers or 
proteins are crosslinked by forming either covalent or non-covalent bonds. 
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In general, the covalent crosslinking pathways start from the oxidation of 
catechol either by oxygen, by enzymes or by chemical oxidants, to form o-
quinone. The formed o-quinone is highly reactive and electrophilic and, 
therefore, susceptible to reaction with nucleophiles such as thiols and 
amines. The reaction with amine either proceeds via a Michael addition or a 
Schiff base reaction. In addition, o-quinone can undergo dismutation 
reactions with catechol to form o-semiquinone, which then forms di-
catechol crosslinks via phenol radical coupling. In these reactions, the o-
quinone formation has been well studied; and the presence of di-catechol 
crosslinks, thiol-catechol and amine-catechol adducts has been detected in 
either natural organisms or synthetic polymers. The reaction kinetics of 
these reactions are dependent on a variety of parameters such as pH, type of 
oxidant (e.g. enzymes or chemical oxidant), type of ring substituents on the 
aromatic ring of the catechols, and nucleophilic strength of the 
thiols/amines. By tuning these parameters, the reaction kinetics can be 
optimized. DOPA-analogues containing both catechol and free amines in 
one molecule, e.g. dopamine, can undergo oxidative self-polymerization 
under mild conditions via intramolecular cyclization. Several mechanisms 
have been proposed. This process is affected by pH, dopamine 
concentration, type of oxidant used, etc. In addition, catechols can also 
complex metal ions (e.g., Fe
3+
) by forming coordination bonds. The modes 
of complexation are highly dependent on the pH. At high pH (pH 10), tris 
DOPA-Fe
3+
 is formed. At moderate pH (e.g., 6 to 8), bis DOPA-Fe
2+
 is 
formed; and at pH 5, mono DOPA-Fe
3+
 is formed. Fe
3+
 can also oxidize 
catechols to form o-quinones, which then can form crosslinks via covalent 
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bonding. Parameters that can be tuned to optimize the (non-covalent) 
crosslinking are pH, concentration of metal ions, the type of metal ions, etc. 
Based on the overview in Chapter 2, we found that a clear understanding on 
the secondary reactions of o-quinones with amines is still lacking. However, 
the reaction has been vastly employed as a tool to crosslink catechol-
containing polymers, which can be used in various applications. Therefore, 
there is a gap between the in-depth understanding of the reaction 
mechanism and optimal usage of the crosslinking chemistry in applications. 
To bridge this gap, we performed in Chapter 3 a mechanistic study on the 
reaction of the model compounds 4-methyl catechol (4MC) and 
propylamine (PA) in aqueous conditions. We identified the type of the 
reaction, i.e., Schiff-base reaction or Michael-type addition, the possible 
products, and the reaction rate. By employing various experimental 
techniques, including LC-MS, HPLC, UV-vis, DLS, NMR, we found that 
the reaction of 4MC with PA is surprisingly fast. In the first five minutes, 
more than 30 products have already been formed. These products are 
mainly formed via three pathways, i.e., Michael-type addition, Schiff-base 
reaction, and phenol-phenol coupling. Among these products, the majority 
are amine-catechol adducts formed by Michael-type addition.  
In Chapter 4, we designed a “green” synthesis of a catechol-containing pH-
responsive polymer that can be used as binder for water-borne paints. The 
polymer is expected to switch from being water-soluble to water-insoluble 
when the pH is changed from low/acidic to high/basic. To achieve this, 
without using organic solvents, we synthesized a polymer containing both 
catechols and amines, by means of free radical polymerization of borax-
protected dopamine acrylamide (DAA-p) and 2-aminoethyl methacrylamide 
hydrochloride (AEMA) in aqueous medium. We found that the polymer 
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was indeed water-soluble at low pH (pH 2). At high pH (pH 11.5), catechol 
was oxidized to o-quinones, which reacted with free amines from the 
deprotonation of AEMA to form crosslinks. In this way, the polymer 
became water-insoluble. Adding a chemical oxidizing agent, NaIO4, 
enhanced the rate of crosslinking of the polymer.  
It is commonly believed that paint should have proper adhesion properties 
to work effectively. Therefore, the adhesion performance of a polymer is 
important to function as a binder in paints. In Chapter 5, we investigated the 
effect of catechol on the adhesion properties of catechol-containing 
polymers under both dry and wet conditions. We synthesized five 
copolymers by free radical polymerizations of dopamine methacrylamide 
(DMA) and 2-methoxyethyl methacrylate (MEA) with different 
compositions. We found that, under dry conditions, an optimal composition 
for the best dry adhesion is achieved at 5 mol% DMA. Polymers with a 
higher concentration of DMA showed little adhesion, which is attributed to 
the high stiffness of the material, resulting in poor contact with the probe. 
Under wet conditions, the copolymers showed a similar dependence on the 
DMA composition as compared to dry conditions. An optimal composition 
for the best wet adhesion was found at a DMA concentration of 5 mol%. 
Polymers with a higher DMA content are more hydrophilic and will take up 
more water. As water acts as a plasticizer and reduces the effective 
stiffness, polymers with a higher DMA content will show a larger decrease 
in stiffness, which improved their wet adhesion performance. 
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